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REMARKS 

Claim 1 7 is canceled without prejudice or disclaimer. Accordingly, upon entry 
of the instant response, Claims 1 1 -1 6 and 1 8-27 will be pending. 

The specification is amended to add the US Patent Number that issued from 
US Application Serial No. 09/371,056. Thus, Applicant respectfully requests 
withdrawal of the objection to the specification. 

Claims 14 and 15 stand objected to as being dependent from rejected 
Claim 11. Applicant respectfully requests clarification as claim 11 is rejected, not 
canceled. Further, all of the remaining pending claims depend from claim 1 1 as well, 
however, only claims 14 and 15 are objected. 

Claim 17 is rejected under 35 U.S.C. 1 12, first paragraph. Claim 17 is 
canceled above. Thus, this rejection may be withdrawn. 

Claims 11-13 and 16-27 are rejected under 35 U.S.C. 112, first paragraph as 
the specification has not been found to enable any person skilled in the art to which it 
pertains, or with which it is most nearly connected, to make and use the invention 
commensurate in scope with these claims. The rejection of Claims 11-13, 16, and 18- 
27 is respectfully traversed on ground of the discussion below. Applicant notes that 
Claim 17 is canceled. 

Submitted herewith is a copy of Notheis, C. et al., BBA, Vol.1247, pages 265- 
271 (1995) (copy enclosed for the Examiner's convenience) which discloses the 
purification and characterization of the pyridoxal-5'-phosphate:oxygen 
oxidoreductase from E. co// (gi: 148095). Overexpression and purification of the E.coli 
enzyme show that the enzyme is a FMN-containing protein that specifically oxidizes 
pyridoxal phosphate and pyridoxamine phosphate. Also submitted herewith is 
Appendix A which provides a comparison of the claimed sequence with the E. coli 
PNPox and the M. xanthus frpA gene product (which has also been shown to bind 
FMN tightly). FMN binding is an expected property for PNP oxidase from the 
enzymological characterization of the purified eukaryotic and activities in crude 
extracts of E.coli (Lam etal., J. Bacterid. Vol: 174; 6033-6045, 1992, previously 
submitted and copy enclosed for the Examiner's convenience)). This comparison 
demonstrates the sequence of the invention possesses stretches of highly conserved 
regions. One skilled in the art would have appreciated that the more highly 
conserved a residue is, the less likely that it could be modified and function 
maintained. From this alignment in Appendix A, one could quickly determine which 
amino acid residues might be modified in SEQ ID NO: 10 without a likely change in 
function. Since SEQ ID NOs:10 and the E.coli sequence share 40% identity, one of 
skill in the art would have appreciated that many variants sharing at least 80% 
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sequence identity to the SEQ ID NO:10 would have been expected to retain PNPox 
activity. This has been further supported recently by the elucidation of active site 
structure of the E.coli PNPox (di Salvo, JMB, Vol: 315, 385-397 (2002), copy 
enclosed for the Examiner's convenience). The authors disclose specific residues in 
the protein sequence, which enable interaction with the PNP phosphate moiety. For 
the Examiner's convenience the residues which enable such interaction are 
underlined in the alignment in Appendix A. All of the residues are highly conserved 
among the E.coli, the M. xanthus and the claimed sequence. 

In view of the foregoing remarks, one skilled in the art would know how to use 
the claimed sequence without undue experimentation and that the rejection 
according to 35 USC §112, first paragraph, should be withdrawn. 

For the foregoing reasons, Applicants respectfully request reconsideration and 
allowance of claims 11-16 and 18-27. 

Please charge any requisite fee or credit any overpayment to Deposit Account 
No. 04-1928 (E. I. du Pont de Nemours and Company). 



Respectfully submitted, 
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APPENDIX A 



Comparison of the amino acid sequences of the Pyridoxamine 5*-phosphate 
oxidase from corn clone contig with SID No's: csin.pk0050.f8, cr1n.pk0063 f3 and 
Cbn10.pk0048.g12 (SEQ ID NO:10), the M.xanthus frpA set forth NCBI General 
Identifier No. 20800466 and E. coli PNPox set forth in NCBI General Identifier No 
148095. Amino acids conserved among the E.coli PNPox and Seq ID NO- 10 or all 
three sequences are indicated with a single or double asterix above the conserved 
residues, respectively. Dashes are used by the program to maximize alignment of the 
sequences. Residues that have been shown to play an important role in the catalytic 
act.vity of Pyndoxamine S'-phosphate (di Salvo et al.(2002) J.Mol.Biol 315 385-397) 
are underlined. 
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2. Materials and methods 
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phosphate phosphole phosphate 

Kig, 1. Intcrconvcrsion of B-6 vitamers in E. cutt. 

20 mM Tris-HCl (pH 7.4), 200 mM NaCJ, 1 mM EDTA. 
How rate was i mJ per min. The column was calibrated 
wilh: p-iphtctoshUxxc (M r 116400), phosphorylasc B (A/ 
96000), USA (A/ r 68000), ovalbumin lM e 45 000) car- 
boanhydrasc (M T 30000). 

2. 7. Enzyme assay 

Enzyme activity was determined using a phcnyJhydra- 
rinc method modified after Wada and Sncll [10] with rhc 



E. coil- Chromotome (irin) 
36.0 
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following change: in order to measure steady stale kinetic 
constants the incubation lime was reduced to 10 minutes. 
Under these conditions measurement WtC m (he y mc ^ t 
range. 'ITic absorption of the hydra/one was meusuied in a 
spectrophotometer at 410 nm and the amount of hydrsrcone 
was calculated using a molar extinction coefficient of 
f 110 = 23 000 M^cm- J [3], 

AH kinetic data arc the mean of three independent 
experiments. 

2& Mapping ofpdxli to chromosomal position 

The inserts on phages 13H4, 6F11 and 20B5 [l] were 
isolated by EcoR] cleavage and separation on agarose gel 
eleeirophoresis, The fragments were extracted from the gel 
and Jigaied ioio pUC19 linearized with the appropriate 
restriction en/yme. E. coli WG2 {pdxH') was trans- 
formed with the recombinant pUC19 plasmids. 



3, Results 

The gene product of p<UU is responsible for the oxida- 
tion of the 4' carbon of B-6 vitamers to give the corre- 
sponding aldehyde {Fig, 1). 
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Fig, 



4, Uni-wcavcr* folk pit** of fhv mrymic oxidation (364 jig of 
homogeneous MBp/JMxH fusion protein in I ml buffer) of pyridoxol-5'- 
phosphaic ( /iM) in the presence of increasing amount* Cl, 10, 50, 100 f 1 
of a 100 j/M .Solution) of pyudwtal phtr>ph.itc. Data mc the mean of thiee 
independent experiments. 

smaller protein a M r of 68 500 (monomer). It was again 
concluded that a minor fraction of the fusion protein was 
present as a dimcr. 

The mixture of fusion proteins was now (rcaled with 
proteinase 'factor Xa* to separate the PdxH protein (A/ r 
25 500) from the MM domain (AY, 43 000). (The PdxU 
protein is unaffected hy Uiis process as it has no cleavage 
site for the proteinase). Size exclusion chromatography 
gave two fractions cluting with the expected volume (Fig. 
5D). Both fractions were collected and their activity was 
determined. 

If the PdxH protein forms a dimcr (A/ f 51 000) it should 
appear in a fraction larger than the MBP (A/ r 43000) 
(compare Fig. 5B). No protein, however, appeared with a 
molecular weight of M T 51 000. In order to make sure that 
a M T 51 000 protein would not be concealed in the fraction 
containing the'MBf (M t 43000), this fraction was checked 
for pyridoxol phnspbale oxidation. 

No activity was found as opposed to the monomelic 
PdxH protein (M r 25500) (spec. act. 1.5 nM/mg per s) 
(Fig. 5B). Thus no indication was found that the PdxH 
protein dimcrizes. Dimcrisation observed in the protein 
preparations of the fusion protein (Fig. 5A) was therefore 
attributed to dimcrisation of the MliP domain of the 

Table 2 

PtOpprties of Mftiyi'dxlf fusion protein and PdxJI pruiein (pyridox ol phosphate oxidase) 
Property ~ ~ — — — 
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J 4 < « 10 12 U 1^ IS 20 22 24 W 2S [<n 1] 

Fig. 5. FPLC cltioiuatofiism of the MMVftlxll fusion protein after 
affinity chromatography on amyiosc resin (A) and of the PdxH protein 
after hydrolysis of ihe fusion protein by proteinase < factor Xa' (B). 
Iixperimcnlal details arc given in Section 2. Numbers refer io ml effluent, 

MBP/PdxH fusion protein. This is consistent with previ- 
ous observations [19]. The monomeric PdxH protein, was 
also separable from the MBP by affinity chromatography 
on the amylose column. Wlule the MBP bound io the 
column, the PdxU protein elated and was thus readily 
available for further characterization. The PdxH protein 
exhibits the same UV-spectrum as the fusion protein. 
Moreover, the K m values for both the MBP/PdxH fusion 
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Calculation of the Unwivcr number i'; based on one active site per monomer (M r 6ff 500 or ZS500, respectively). 
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of ^c^^Tk STS 8€DetiC 3 ? iy3iS ° f 3 PyTid0xice 5 '-Phosphate oxidase, the PdxH gene product 
of Escherichia coli K-12. Chromosomal insertions in and around pdxH were generated with ™h™,< 
transposons, and the resulting phenotypes were characterized. The DNA^uen^o^ 

mapped by RNase T 2 protection assays of chromosomal transcripts. These combined approaches led to the 

SJn f is f dditl0na "y transcribed from a relatively strong, nonconventlonaJ internal promoter that may 
contain an upstream activating sequence but whose expression is unaffected by a fis mutation; (iii) PdxH 
oxidase is basic, has a molecular mass of 25,545 Da, and shares striking homology { >4G% identity wi ™ 
developmental ly regulated FprA protein of Myxococcus xanihus; (iv) mild pyridoxal y^bmJSSSS^ 
pdxH mutants inhibits cell division and leads to formation of unsegre^tednVcleoids; (v) ?S P S Ste 
t 1 32. i 2T ? ! L and ana f ro ^ but second-site suppressors that replace pdxH function e^tirejcan 
be isolated; and (vi) pdxH mutants excrete significant amounts of L-glutamate and a compound, probably 

Z'ZTnt'Tl that ; n T? L L Vali r iDhibitiOE ° f£ - "* K " 12 These finding extend eaS 

' 'l« Pynd0 ^ 5 ;P h0s f hate bfa^thedc aminoacyl-tRNA synthetase genes are often 
members of complex, multifunctional operons. Our results also show that loss ofpdxH function seriousfv 
disrupts cellular metabolism in unanticipated ways. ™i.uob seaiousry 



Pyridoxal 5 '-phosphate (PLP) and pyridoxamine 5 '-phos- 
phate (PMP) are important coenzymes that participate in 
many metabolic reactions, especially those involving amino 
acids (5, 22, 58). PLP and PMP are synthesized from 
pyndoxme (PN; vitamin B 6 ), pyridoxal (PL), and pyridox- 
amine (PM) by phosphorylation and oxidation reactions 
catalyzed by PN kinase (PN/PL/PM kinase; pyridoxal ki- 
nase; EC 2.7.1.35) and PNP oxidase (PNP/PMP oxidase; 
pyridoxarninephosphate oxidase; EC 1.4.3.5), respectively 
(Fig. 1) (15, 55). Of the three precursors, PN is thought to be 
the direct biosynthetic intermediate of PLP and is synthe- 
sized by bacteria, fungi, and higher plants (55). The biosyn- 
thesis of PN seems to occur by a branched pathway in 
Escherichia coli K-12 (33, 34) and most likely utilizes 4-hy- 
droxythreonine (15, 33) and D-l-deoxyxylulose (23) as key 
intermediates. The last steps of PLP biosynthesis"* that take 
PN to PLP and PMP and interconvert the six B 6 vitamers 
(Fig. 1) seem to be present in all organisms (55). 

The enzymology of eukaryotic PNP oxidase has been 
thoroughly studied in pig and sheep brain and rabbit liver 
(10, 11, 29, 36). Eukaryotic FNP oxidase is composed of two 
identical subunits (11, 29), and one flavin mononucleotide 
(FMN) molecule is bound to each dimer (11). Molecular 
oxygen is thought to be the sole electron acceptor in the 
oxidase reaction (29, 40). The oxidase seems to act prefer- 
entially on phosphorylated substrates (60) and is subject to 
product inhibition by PLP (Fig. 1) (60) that is reduced by 
partial proteolysis (30). Fluorescence polarization and reso- 
nance energy transfer studies suggest that there are orotein- 
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protein interactions between eukaryotic PNP oxidase and 
PN kinase (32). 

Compared to the eukaryotic enzyme, relatively little has 
been reported about the biochemistry oogenetics of prokary- 
otic PNP oxidase, which is encoded by pdxH at 36 min in the 
£. coli genetic map (15). Preliminary enzymological charac- 
terization in crude extracts suggested that £T coli PNP 
oxidase may be a flavoprotein that utilizes molecular oxygen 
as a substrate for at least 80% of its activity (56). However, 
interpretation of kinetic data was extremely difficult because 
of phosphatases in crude extracts which destroyed the PLP 
product. Point and Mu^I-8 insertion mutations in paxHwerc 
isolated in both £. coli K-12 (25, 33) and £. coli B (14) strains 
by exploiting the property that pdxH mutants deficient in 
PNP oxidase grow on medium supplemented with PL but not 
with PN (Fig. 1). Recently, we reported the cloning of E. coli 
K-12 pdxH* (33). Complementation analysis of all known 
pdxH mutants demonstrated that pdxH consists of a single 

complementation group . ^ — — ., ..... - ~ - 

Herrwe-repSrTa structural analysis of the pdxH gene and 
its chromosomal transcription. Our data show that pdxH y 
like othej/xir genes involved in PN biosynthesis (2, 17, 33,' 
34, 44, 54), forms a complex operon with a downstream 
gene, in this case, tyrS, which encodes the essential enzyme 
tyrosyl-t.RNA synthetase (48). Physiological characteriza- 
tion oipdxH mutants revealed several unusual phenotypes, 
including a block in nucleoid segregation and cell division 
and excretion of L-glutamate (l-G1u) and a compound that 
inhibits L-isoleucine (L-Ile) biosynthesis. The absence of 
growth ofpdxH insertion mutants aerobically and anaerobi- 
cally, except when supplemented with PL, suggested that 
the PdxH enzyme is required for PLP biosynthesis in wiJd- 
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FIG. 1. Universal biosynthetic pathways leading from PN (vitamin B 6 ) to active PLP coenzyme and allowing interconversion of the six 
B 6 vitamers. The scheme is based on data reviewed in references 15 and 55. The minus signs indicate points of probable negative feedback 
inhibition of enzyme activities (36, 62). Alternative names for PN kinase (EC 2.7.1.35) and PNP oxidase (EC 1.4.3.5) include PN/PL/PM 
kinase, pyridoxal kinase, and PdxK kinase (in E. coli) and PNP/PMP oxidase, pyridoxaminepbosphate oxidase, and PdxH oxidase (in £. coli), 
respectively. 



type cells. However, isolation of suppressors that replace 
pdxH function suggests the presence of an alternative path- 
way or form of oxidase for PN oxidation in E, coli, 

MATERIALS AND METHODS 

Materials. The following enzymes and reagents were used 
in cloning, DNA sequencing, strain construction, and RNase 
T 2 transcript mapping experiments: restriction endonu- 
cleases, phosphorylated Sphl and BamHl linkers, and M13 
sequencing (-40) primer (New England Biolabs, Beverly, 
Mass., and Promega, Madison, Wis.); Riboprobe Gemini 
System II, restriction endonucleases, RQ1 DNase, and 
plasmid pGEM-3Z (Promega); RNase T 2 and bacterial alka- 
line phosphatase (Bethesda Research Laboratories, Gaith- 
ersburg, Md.); 17-mer oligonucleotide primers for DNA 
sequence determinations (Genosys, Inc., Woodlands, Tex.); 
T4 DNA polymerase (Boehringer Mannheim Biochemicals, 
Indianapolis, Ind.); pyrophosphatase and Sequenase (ver- 
sion 2.0) sequencing kits (United States Biochemical, Cleve- 
land, Ohio); and Thermalbase sequencing kit (Stratagene, La 
Jolla, Calif.).. Other chemicals used in these experiments 
included the following: radioactive compounds (Amersham 



Corp., Arlington Heights, 111.); inorganic salts, organic sol- 
vents, BBL Gas-Pak supplies, and electrophoresis-grade 
agarose (Fisher Scientific, Fair Lawn, N.J.); acrylamide- 
bisacrylamide mixtures (29:1) (Curtin Matheson Scientific, 
Inc., Houston, Tex.); and ammonium persulfate and 
TEMED (A^JV^V'^/'-tetramethylethylenediamine) (Bio- 
Rad, Inc., Richmond, Calif.). Chemicals used for other 
experiments were DAPI (4',6-diamino-2-phenylindole); poly- 
lysine solution, antibiotics, and biochemicals (Sigma Chem- 
ical Co., St. Louis, Mo.); and glutamate dehydrogenase 
(Boehringer Mannheim Biochemicals). Ingredients for cul- 
ture media included vitamin assay Casamino Acids, Bacto- 
Agar, yeast extract, and tryptone broth (Difco Laboratory, 
Detroit, Mich.). 

Bacterial strains and plasmids. Bacterial strains, plasmids, 
and phages used in this study are listed in Table 1. PI 
bacteriophage generalized transductions and 2-aminopurine 
mutagenesis of cells were carried out as described in refer- 
ence 37. Recombinant plasmids were constructed by stan- 
dard techniques (3, 46). Insertional mutagenesis of plasmids 
with mini-Mu^IJ elements was performed as previously 
described (9). insertion positions in plasmids harboring 
mini-Mtufll elements were determined by restriction analy- 
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TABLE 1. Bacterial strains and plasmids 



Strain or 
ptasmid 



Phcnotypc or genotype" 



Source or reference 



Strains 
DS941 

JC7623 
NU816 
NU887 

NU901 

NU908 

NU1707 
NU1708 
NU1709 
NU1730 
NU1732 
NU1735 
NU1736 
NU1737 
NU1738 
NU1739 
NU1740 
NU1814 
NU1815 
NU1833 
NU1835 
NU1837 
NU1839 
SVS1100 
TT6547 

TT9894 
TX2268 
TX2277 
TX2278 
TX2351 
TX2361 
TX2362 
TX2363 
TX2364 
TX2451 

Plasmids 
pBR325 
pGEM-3Z 
PMB2190 
pNU216 
pNU217 
pNU267 
pNU268 
pNU269 
pNU270 
pTX281 

pTX292 
pTX293 

pTX294 
pTX295 
pTX303 

pTX306 



fis::Km T F" ara,14 argE3 galKl tiis~4 foci* lacZbMIS leu-6 mtl-1 

proA2 reef 143 str-3! supE44 thi-i thr-1 tsx-33xyl-5 
recB21 recC22 sbc-15 ara arg his leu pro thr 
W3110 MacU169 tna2 sup 0 
SVS1100 pdxH:Mudh$-l 

SVS1100 pdxA::Mud\-8 

SVS1100 pdxH::Mud\-S-2 

NU816 pdxH::MudhS-l 

NU816pdxH::Mudl-S-2 

NU816 pdxA::Mudl-S 

NU1707(pNU216) 

NU1708(pNU216) 

NU1707(pNU217) 

NU1708(pNU217) 

JC7623zte::mini-Mu/2lI-3 

JC7623 zi*?::mini-MurfII-2 

JC7623 z6e::mini-MuJIM 

JC7623 z6e::mini-Mu*z*II-4 

NU816(pNU216) 

NU816(pNU217) 

NU816z6e::mini-Mur/II-3 

NU816z6e::mini-Mu*m-2 

NU816zte::mini-MiKfII-l 

NU816 z^e::mini-Mu^II-4 

bglR551 &{lac-argF)U169 

supD ara-14 eda-50 blacUl69 metF(Am) mtl-1 rpsLJ36 thi-1 tonA31 

tsx-78xyl-5 
TR6547 Muc62ts Mudl-S dilysogen 
NU816(pTX281) 
NU1707(pTX281) 
NU1708(pTX281) 
NU816(pBR325) 
JC7623 ORFl::Km r (5p/zI)> 
JC7623 ORFl::<Km r (S/>M) 
NU816 ORFl::Km r (5/?M)> 
NU816 0RFl::<Km r (5p/iI) 
NVmfis::Km T 



CoiEl replicon; Ap r Tc r Cm r 

Vector for riboprobe synthesis; Ap r 

Km r in pBR327 derivative; Ap r Tc r 

ORV\-pdxH+ cloned in pBR325; Ap r Cm r 

pdxH+-tyrS+ cloned in pBR325; Ap r Cm r 

pNU217 (zZ*?::mini-MiirfIl-l); pdxH+\ Ap r Cm r 

pNU217 (zte::mini-NWII-2); pdxH + ; Ap r Cm r 

pNU217 (zfce::mini-Mu^II-3); pdxH+; Ap r Cm r 

pNU217 (z&>::mini-Mu<fII-4); pdxH+; Ap r Cm r 

pBR325 containing a 1.8-kb Sphl-BamHl fragment from pNU217; 

pdxH+;Ap T Cm r - 
pBR325 lacking Sphl site 

pTX292 containing a 5.4-kb BamH\-BamH\ fragment from pNU216 

/*fcr// + ; Ap r Cm r 
pTX293 ORFl::Km r (Sp/iI)> pdxti+\ Ap r Cm r 
pTX293 ORFl::<Km r (Sp/iI) pdxH + ; Ap r Cm' 

0.57-kb/lvaI-5acII fragment from pTX281 cloned into the BamHl site 
of pGEM-3Z; pdxH transcription same orientation as lacZ; Ap r 

0.76-kb Sacll-Sphl fragment from pTX281 cloned into the BamHl site 
of pGEM-3Z; pdxH transcription same orientation as lacZ\ Ap r 



J. Hinton collection 

A. J. Clark collection 
C. Yanofsky collection 
SVS1100 transposed with a 

Mm/I-8 element 
SVS1100 transposed with a 

Miu/I-8 element 
SVS1100 transposed with a 

Mtk/1-8 element 
NU816 x PUtc(NU887) 
NU816 x PLkc(NU908) 
NU816 x Pttc(NU901) 
Transformant 
Trans formant 
Transformant 
Transformant 
JC7623 x linear pNU267 
JC7623 x linear pNU268 
JC7623 x linear pNU269 
JC7623 x linear pNU270 
Transformant 
Transformant 
NU816 x Pl*c(NU1737) 
NU816 x Ptfc(NUl738) - 
NU816 x PUkc(NU1739) 
NU816 x Pttc(NU1740) 
V. Stewart collection 
J. Roth (26) 

J. Roth (26) 

Transformant 

Transformant 

Transformant 

Transformant 

JC7623 x linear pTX294 

JC7623 x linear pTX295 

NU816 x PlWr(TX2361) 

NU816 x Plvi>tTX2362) 

NU816 x Plv^DS941) 



Lab stock (8) 
Promega 

B. Nichols collection 
Lab stock (33) 
Lab stock (33) 
This work 
This work 
This work 
This work 
This work 

This work 
This work 

Tnis work 
This work 
This work 

This work 



a < or > indicates that the direction of transcription of kan in the Km r cassette is opposite to or the same as that o(pdxH, respectively. Kin T {Sphl) signifies 
the presence of a kanamycin resistance cassette cloned into the Sph\ site of ORF1 (Fig. 2). mini-M\k/II-l-4 mapped immediately downstream from tyrS (Fig. 2). 
The mini-MudII-2 element in NU1835 (Fig. 2) was in the opposite orientation as tyrS but formed . n active lacZ gene fusion. Ap', ampicillin resistant; Cm', 
chloramphenicol resistant; Tc r , tetracycline resistant. 
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FIG. 2. pdxH* recombinant plasmids and locations of insertion mutations in and around pdxH in recombinant plasmids and the E. coli 
K-12 chromosome. The whole figure is drawn to scale. pdxH:'Mud\-%, ORFl::Km r , and zte::mini-Mu</II insertions were isolated or 
constructed and crossed into the bacterial chromosome as described in Materials and Methods. Exact positions of Murf-8 elements within 
pdxH are unknown. Restriction mapping showed that the zh?::mini-MurfH elements were extremely close to the end of tyrS. 
z6e::mini«MurfII-2 formed active lacZ gene fusions but was in the opposite orientation to tyrS, The positions of the two RNA probes used 
to map in vivo transcripts are indicated. The dark black line in the summary diagram at the bottom marks the new DNA sequence reported 
in Fig. 3. The positions and identities of the reading frames and promoters are based on data presented here and in reference 4 for the tyrS 
coding region. No transcription was detected in vivo from either DNA strand in the 280-bp region upstream from pdxH (ORr 1; see text). 



ses. Kanamycin resistance cassettes with Sphl linkers at 
their ends were cloned in both orientations into the Sphl site 
in pTX293 to disrupt the open reading frame upstream from 
pdxH (ORF1, Fig. 2). Insertions imparting antibiotic resis- 
tances were crossed from linearized plasmids into the chro- 
mosome of recBC sbc mutant TC7623 as detailed before (1, 
63) pdxH::MudhS chromosomal mutants and plasmids 
pNU216 and pNU217 were isolated previously in this labo- 
ratory (33). Plasmid pTX281 (Fig. 2) was constructed by 
subcloning the 1.8-kb SphhBamlU fragment from pNU217 
into pBR325. Plasmids pTX303 and pTX306, which were 
used for RNase T 2 protection assays, were constructed by 
ligating BamKl linkers onto the 0.57-kb ^4vaI-5acII and 
0.76-kb Sacll-Sphl fragments from pTX281, respectively, 
and cloning the resulting fragments into the BamKl site of 
vector pGEM-3Z. 

Culture conditions. LBC rich medium was Luria-Bertani 
broth supplemented with 30 u.g of L-cysteine per ml. Minimal 



Vogel-Bonner (1XE) medium containing 0.01 mM FeS0 4 
was prepared as described in reference 13. MMG was 1XE 
salts plus 0.4% (wt/vol) glucose. Where specified, MMG was 
supplemented with 0.5% (wt/vol) vitamin assay Casamino 
Acids. PL was added to media at a final concentration of 1 
u,M. Other growth conditions are described in the figure 
legends and table footnotes. 

DNA sequence analysis. DNA sequences were determined 
by the Sequenase and Thermalbase variations cf the Sanger 
dideoxynucieotide method from single-strand mp!8 and 
mpl9 M13 phage clones (47) as described previously (44, 49). 
Both strands were sequenced with each enzyme or by using 
at least two different reaction mixtures containing dGTP, 
dITP, or deaza-dGTP according to the manufacturer's in- 
structions. Synthetic primers were used to sequence along 
the M13 phage clones and to close all gaps. DNA sequences 
were analysed with the University of Wisconsin Genetics 
Computer Group and PCGene (Intelligenetics, Inc., Moun- 
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* I IT r J c 1 om P uter Programs, which included ac- 
»V GenBank > EMfi L, and Ecoseq (45) data bases. 
KNve T 2 transcript analysis. RNase T 2 mapping of in vivo 
transcripts was performeJ as described previously (49) with 
the following changes: (i) total cellular RNA was prepared 
by a boiling lysis method in which cells were lysed directly in 

• culture medium without eentHfugafion (18); (HJ the last step 
of the RNA purification included treatment with RQ1 
(RNsse-free) DNase (49); (iii) RNase T 2 digestion was ear- 
ned out at 37*C for at least 4 h, instead, of at 30°C; and (iv) 
after digestion with RNase T 2 , samples were extracted with 
phenol-chloroform-isoamyl alcohol (24:23:1 by vol) and pre- 
cipitated with 2 volumes of cthanol. After electrophoresis, 
gels were dried, and radioactive bands were quahtitated with 
a beta scope (Betagen Corp., Waltham, Mass.). 

Light microscopy, amino acid analyses, and L-glutamate 
baosssays. Cell morphologies were examined following DAPI 
staining using combined phase-contrast and fluorescence 
light microscopy as described in reference 24. Amino acid 
analyses were performed by the Analytical Chemistry Cen- 
ter of this university by using ion-exchange high-perfor- 
mance liquid chromatography (HPLC) provided as part of an 
automated Pharmacia-LKB system. Bioassay of L-giutamate 
by glutamate dehydrogenase activity was performed as 
described in reference 6. 

Nucleotide sequence accession number. The GenBank ac- 
cession number for the sequence in this paper is M92351. 

RESULTS 

Localization of pdxH by subdoning and insertion mutagen- 
esis. We reported previously the isolation of pdxH::MudhS 
insertion mutants and two overlapping clones, pNU216 and 
pNU217, that complemented pdxH insertion and point mu- 
tations (Fig. 2) (33). We isolated one smaller subclone of 
pNU217 that still complemented pdxH mutants (pTX2Sl, 
Fig. 2). DNA sequence analysis presented below conclu- 
sively demonstrated that plasmid pTX281 contained only 
one intact open reading frame that must correspond to the 
pdxH. gene (Fig. 2 and 3). Besides pdxH*, pTX281 con- 
tained part of an upstream open reading frame (ORF1) and 
the first half of downstream tyrS, whose DNA sequence was 
reported previously (Fig. 2 and 3) (4). 

Insertion mutagenesis confirmed the placement oipdxH* 
between ORF1 and tyrS. We introduced kanamycin resis- 
tance (Km r ) cassettes in both orientations into the Sphl site 
of plasmid pNU216 to disrupt ORF1 (Fig. 2). Insertions 
close to the end of tyrS were generated by transposition of 
mini-MurfII(Km r ) elements into pNU217 (Fig. 2). The kana- 
mycin resistance cassettes and mini-Miu/II insertion muta- 
tions were crossed into the bacterial chromosome via ho- 
mologous recombination from linearized plasmid DNA (1 
63). AllpdxHrMudl-S, ORFl::Knr\ and mini-Miufll inser- 
tions were transduced into strain NU816 (W3110 Mac). The 
resulting strains were checked and found to lack piasmids, 
which is consistent with recombination of insertion elements 
into the bacterial chromosome. 

Chromosomal pdxHrMudhS mutations caused a require- 
ment for exogenous PL that could not be satisfied by PN 
(33). By contrast, chromosomal insertions in ORF1 up- 
stream from pdxH or downstream from the end of tyrS did 
?/v/ h ° W obser/abIe S 3 " 0 ^* 1 defects. in LBC medium or 
MMG. These observations confirmed that ORF1 is not 
required ioxpdxH function. Strong polar effects of ORF1 or 
pdxH insertions on pdxH or tyrS expression would result in 
a PL requirement or impaired growth, respectively. Such 



strong polar effects were not observed, which suggested that 
pdxH and tyrS probably are expressed independently a 
^ast under the growth conditions tested. The Ltter conciu 

below Finally one of the chromosomal mini-Mui/H inser- 
tions located downstream near the end of syrS fNU1835 
zbeiimmmuJILl, Table 1; Fig. 2) formed an active lacZ 
gene fusion, as judged by deep red colony color on MacCon- 
key-lactose plates. This gene fusion was in the opposite 
orientation to pdxH and tyrS (Fig. 2), consistent with tran- 
scription in the opposite direction to pdxH and tyrS 

DNA sequence analysis of pdxH. DNA sequence analysis 
aehneatedthe genetic organization ofpdxHznd adjacent loci 
1' J? e ° pen readin g fra me between nucleotides (nt) 
310 and 966 was identified as the pdxH gene product on the 
basis of the genetic criteria described above. The translation 
start was assigned on the basis of the strong homology 
described below between E. coli pdxH and Myxococcus 
xanthus fprA. AUG at nt 310 is the only possible translation 
start that can accommodate this homology. The pdxH trans- 
lation start contains a relatively poor match (three of six) to 
trie Shine-Dalgamo ribosome-binding sequence (Fie 3) 
Predicted properties of E. coli PdxH protein and compari- 
SO H S A ™ h the eukar yotic enzyme are in the Discussion! ' 

FASTA and TFASTA searches of EMBL-GenBank re- 
vealed a remarkable homology between £. coli PdxH and Af. 
xanthus FrpA (Fig. 4) (20). Degrees of identity and overall 
similarity are about 43 and 64%, respectively, over the entire 
length of both polypeptides (Fig. 4). TYitfprA gene seems to 
be deveJopmentally regulated in M. xanthus (20); however 
no function was discovered for the FprA protein other than 
its ability to bind FMN tightly but not covalently (50) FMN 
binding is a property expecteo^for PNP^xTdase^ from en- 
zymologicai characterizations of the purified eukaryotic en- 
zyme (11) and activities in crude extracts of E. coli (see the 
introduction) (56). Together, the homology with the E. coli 
PdxH protein and its high affinity for FMN strongly suggest 
that fprA encodes PNP oxidase in M. xanthus. Possible 
ramifications of the developmental control of fprA to PLP 
biosynthesis are considered in the Discussion. 

The unknown open reading frame immediately upstream 
from pdxH (ORF1; Fig. 2 and 3) matched a partial open 
reading frame of unknown function from Yersinia enteroco- 
hticG (ORF4'; GenBank accession X60449). However chro- 
mosomal insertions in ORF1 failed to show discernible 
pnenotypes (Fig. 2), and no chromosomal transcription from 
the ORF1 region was detected from either DNA strand in 
cells growing exponentially in LBC medium (see below) 
Consequently, we do not presently know the function if 
any, of the 250 bp preceding the pdxH promoter (marked in 
Fig. 3; see below). In contrast, the open reading frame 
immediately downstream from the end of pdxH was readily 
identified as the essential tyrS gene, which encodes tyrosyl- 
tRNA synthetase (Fig. 2 and 3) (4). We demonstrate a 
relationship between and tyrS transcription in the next 
section. 

Transcript mapping of pdzH and tyrS promoters. The close 
proximity of pdxH and tyrS prompted us to examine whether 
pdxH and tyrS share a transcript and constitute a complex 
opcron. RNA probes 1 and 2 (Fig. 2) were synthesized 
corresponding to the ORFl-pdxH and pdxH-tyrS junctions 
respectively, from both DNA strands as described in Mate- 
rials and Methods. Total cellular RNA was purified from 
strain NU816 growing exponentially in LBC medium at 37°C 
with shaking and hybridized to the four RNA probes. Figure 
5 shows the segments of the probes protected from RNase T 2 
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10 



30 



50 



70 



90 



QRF1 . . . . .. . 

GCATGCAAACCGATACGCTGGAATACCAGTGTGATGAAAAACrcTTGACGGT 

MQTDTLEYQCDEKPLTVKLNNPRQEVSFVYDNQ 
110 130 150 170* 190 



ACTACTC^ATCTGAAACAGGGCATTTCAGCCTCT 

LLHLKQGISASGARYTDGIYVFWSKGDEATVYX 
210 230 250 270 290 

P^dxH • . . +1 

CGCGACCGC ATCGTC T TGAAT AAC TGTC AG7TAC AAAATCC AC AGC GT TGA GATTTTTCC AGGGGCGGCGC AC AAT AGCGTOICCCACTG ACAATC 
RDRIVLNNCQLQNPQR* 

310. 330 350 370 390 

pdxH . . . . . . 

AA^AAAACC A^TC TGAT AACGACGAATTGCAGCAAATCGCGCATC TGCGCCGTGAATACACCAAAGGCGGGTT ACGCCGCCGCGATCTTCCCGCCGATC 
MSDNDELQQIAHLRREYTKGGLRRRDLPADP 
410 430 450 470 490 



CATTAACCCTTTTTGAACGTTGGCTCTCTCAGGCTTGTGAAGC^ 

LTLFERWLSQACEAKLADPTAMVVATVDEHGQP 
510 530 550 570 590 

ttatcacx:gcatcgttttactcaaacattacgacgaaaa 

YQRIVLLKHYD EKGMVFYTHLGSRKAHQIENNP 
610 630 650 670 690 

cgcgttagcctgctgttcccgtggcatacccttgagcgcc^gtg^ 

RVS L L FPWHTLERQVMVIGKAERLS TLE VMKY F H 
710 730 750 770 790 

ATAGCCGCCCGCGTGATAGCCAGATTGGTGCATGGGTTTCGAAGCAGTCCAGTCGCATTTC 

SRPRDSQIGAWVSKQSSRISARGILESKFL ELK 
810. 830 850 870 890 

GC AGAAGT1 TC AACAGGGCGAAGTGCC ATTGCCGAGC7 TTTGGGGCGGTT TTCGCGTCAGCCTTGAACAGATTGAGTTCTGGCAGGGTGGTGAGCATCGC 
QKFQQGEVFLFSFWGGFRVSLEQXEFWQG'GEHR 
910 930 950 970 990 



CTGCATGACCGCTTTTTGTACCAGCGTGAAAATGATGCGTGGM^ 

L HDRFLYQRENDAWKI D RLAP* 

1010 1030 1050 1070 1090 

PtyrS • . . +1 . ... . . tyrS . 

TCXTGATTCTGGCACTTTATTCTATGTCTCTTTCGCATC^ 

M A 

1110 1130 



AGCAGTAACTTGATTAAACAATTGCAAGAGC3GGGGCTGGTA 

SSNLIKQLQERGLV 

FIG. 3. DNA sequence of pdxH extending to the start of tyrS. The sequence is numbered from the Sphl site at the left end of the 
chromosomal insert in pdxH* recombinant clones pNU217 and pTX281 (Fig. 2). Probable transcription starts are indicated by +1. Likely cr-70 
promoter consensus sequences, ribosome binding sites, and translation start codons are underlined. Two putative Fis protein binding sites 
are marked (") in the A-T-rich region immediately upstream of P^j. Transcript mapping experiments indicated that no transcription 
termination appears to occur between pdxH and tyrS (see Fig. 5 and 6). Other features of the DNA sequence are described in the text. 
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PdXH 7 ^QIAH^EYTKGG. j^LPADPLTLFERWLSQACEAKli 48 

rpr A 1 MRT^TCWDESTAK^TCl^raiiRVMipp^IQHkELF^QijA^ SO 

51 DPNAMVVATVGDIXSRPSARWLLKDFDARGFVFY'TO 100 
99 y^j^j r ^^yj'^^y^^?^?^^^^^^^^^SRPRDSQIGAWVSKQSS 148 
101 AALCFYWQPLNEQVRVEGRVERTODAEADAYFQSR^GS^ 150 
149 RISARGILESKFLE^QKFQQGEVPLPSFWGGFRVSLEQiEFWQGGEHRL 198 

151 p^treelearvaeveqkyagqpvprpphwsgfrvvpdrU 200 

• 199 HDRFLYQRENDAWXIDRLAP 218 
III = i l|:::|:.:.| | 
201 HDRHVYLREDGGWRTQMLYP 220 

FIG. 4. Amino acid alignment between the E. coli pdxH gene product, PNP oxidase and the M xnnth,,* h»-A = i . u ■ u • 

known to bind FMN, The M. xanthus sequence was ^sorted by Hagen and Shfrnkets (2m Th! hln^lnl^ 8 Ia P^""' wh,ch 1S 

about 43 and 64%, respecttve y, over the entire length of both polypeptides. No obvious pufative FMN and fl^n adenip7dlnu^o"d^41 



digestion. Undigested probes are in the odd-numbered lanes, 
and positions of additional RNA size standards are indi- 
cated. Hybridization of probe 1 corresponding to the pdxH 
noncoding strand showed one strong band with a size of 491 
± 5 nt (Fig. 5, lane 4). We interpret this band to represent 
transcription from a promoter immediately upstream from 
the translation start of pdxH (P^^, Fig. 2 and 3). Hie most 
hkely placement of P pdxH indicates an almost perfect -35 
a-70 consensus region and a -10 region containing the most 
highly conserved A and T bases (Fig. 3). One somewhat 
unusual feature of P^, is the runs of T and G residues 
between the -35 and -10 regions. 

No transcription from the ORF1 region was detected with 
probe lpdxH noncoding or opposite strand (Fig. 5, lanes 4 
and 2, respectively). In some experiments, gels were run so 
that even short protected fragments should have been de- 
tectable (data not shown). We interpret the faint band below 
the strong band in Fig. 5, lane 4, to represent a fragment 
corresponding to transcription from which was formed 
by slight bverdigestion by RNase T 2 . Its relatively large size 
(=480 nt) makes it unlikely that this fragment corresponds to 
ORF1 transcription on the same DNA strand as pdxH. The 
absence of any transcription from the probe 1 pdxH coding 
strand (Fig. 2, lane 2) also demonstrated that our total RNA 
preparations lacked detectable DNA contamination. 

Hybridization with probe 2 pdxH-tyrS noncoding strand 
showed two protected fragments of 573 ± 5 and 294 ± 5 nt 
(Fig. 5, lane 8). The 573-nt fragment represents full-length 
protection oipdxH-tyrS chromosomal probe 2 sequences by 
m RNA, where the difference in size with the undigested 
probe (lane. 7). is due to plasmid linker sequences. Thus, 
there is contiguous transcription between pdxH and tyrS. 
Again, the coding strand control showed no transcription 
and no DNA contamination that could account for full-length 
protection of the noncoding strand probe (Fig. 5, lane 6). The 
molar amount of the 491-plus^80-nt transcript (lane 4) 
equaled that of the 573-nt pdxH-tyrSuknscnp\ within less 
than 10% experimental error (lane 8). This observation 
suggests that all of the pdxH-tyrS transcript arose from 
transcription initiation at ? pdxH . 



! 2 3 4|5 6 7 8 




FIG. 5. RNase T 2 mapping of chromosomal transcription at the 
beginning o :xixH and from the pdxH-tyrS junction. Total RNA was 
prepared from pdxH* strain NU816 grown in LBC medium at 37°C 
with shaking as described in Materials and Methods. RNA probes 1 
and 2 corresponding to the OKFl-pdxH and pdxH-tyrS junctions, 
respectively (Fig. 2), were synthesized from both DNA strands, and 
RNase T 2 protection assays of chromosomal transcripts were per- 
formed as detailed in Materials and Methods. Numbers indicate 
positions of RNA size standards. Lanes 1 to 4 and 5 to 8 were loaded 
onto the same gel at different times, which is why the standard posi- 
tions are different on the two sides of the gels. Protected probe frag- 
ments corresponding to transcription initiation at the P AX& ^(491 ± 5 nt) 
and internal V^s (295 ± 5 nt) promoters and the contiguouspdx//-ryr5 
transcript (573 ± 5 nt) are indicated. Odd-numbered or even-numbered 
lanes contain unhybridized RNA probes or RNA probes hybridized 
with total RNA respectively. Lanes 1 and 2, probe 1 pdxH coding 
strand (i.e., probe sequence is the same as pdxH rnRNA); lanes 3 and 
4, probe IpaxH noncoding strand (i.e., probe sequence is complemen- 
tary xopdxH rnRNA); lanes 5 and 6, probe IpdxH-tyrS coding strand; 
lanes 7 and 8, probe 2 pdxH-tyrS noncoding strand. ' " m< l 
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TABLE 2. Effect of pdxfi::M\xil-& mutations and pdxH* clones 
on aerobic and anaerobic growth* 




pdxfi- LyrS 



tyrS 



FIG. 6. Transcript analysis of pdxH::Mudl-$ and fis::Km r mu- 
tants. Total RNA was prepared {rompdxH* parent NU816 (lane 1), 
pdxH::Mudl-8 mutant NU1703 (lane 2), and pdxH* fis::Km r mutant 
TX2451 (lane 3). TX2451 was grown in LBC medium, and NU816 
and NU1708 were grown in LBC-PL medium with shaking at 37°C. 
Purification of RNA and RNase T 2 protection assays of chromo- 
somal transcripts were performed as described for Fig. 5 and in 
Materials and Methods. RNA probe 2 (Fig. 2) oorresponding to the 
pdxH-tyrS noncoding strand was used in each experiment. Pro- 
tected probe fragments corresponding to the contiguous pdxH-tyrS 
transcript and to transcription initiation at the internal P^ pro- 
moter are indicated (Fig. 5, lanes 7 and 8). 



Colony growth 6 on: 



Strain(s) 



LBC MMG- MMG- 

medium mC ^ Un> CAA CAA-PL 





+0 2 


-0 2 


+o 2 


-o 2 


+o 2 


-o 2 


+0 2 


-o 2 


pdzfT parent (NU816) 


+ 


+ 


+ 


+ 




+ 




+ 


pdxH* parent with 


















recombinant plasmid: 


















pNU2I6 (NU1814) 


+ 


+ 


+ 




+ 




+ 




pNU217 (NU1815) 


+ 


+ 




+ 


+ 


sm 


+ 


sm 


pTX281 (TX2268) 


+ 


+ • 


+ 




+ 


sm 


+ 


sm 


pdxH::Mud\-8 mutants 


sm 


sm 


+ 








+ 


+ 


(NU1707, NU1708) 


















pdxH::Mud\-8 mutants with 


















recombinant plasmid: 


















pNU216 (NU1730, NU1732) 


+ 


+ 


+ 


+ 


+ 




+ 




pNU217 (NU1735, NU1736) 




+ 




+ 


+ 


sm 


+ 


sm 


pTX281 (TX2277, TX2278) 




+ 


+ 


+ 




sm 




sm 



a Fresh patches of each strain were made by streaking dimethyl sulfcxide- 
storcd permanent cultures onto LBC medium (NU816), LBC mediuro-PL-50 
H.g of ampiciHin per mJ (pdxH::M\idl~8 strains), or LBC medium-25 jig of 
chloramphenicol per ml (strains containing recombinant plasmids) plates that 
were incubated aerobicairy at 3TC overnight. Cells were then streaked from 
the fresh patches onto the plates indicated, which lacked antibiotic. Plates 
were incubated at 3TC aerobically t+OJ or anaerobically (-O2) in a BBL 
GasPak System containing an indicator strip. The same results were obtained 
for cells streaked onto plates containing G medium supplemented with 
glycerol and nitrate (52) (data. not shown). Cells streaked onto control plates 
containing E medium supplemented with glycerol but lacking nitrate failed to 
grow anaerobically. 

6 +, normal-sized colonies; sm, small colonies; — no growth. Larger 
colonies of strains originally containing pdxH* clones that arose on MMG 
were found to have lost the recombinant plasmids. CAA, Casamino Acids. 



The 294-nt protected fragment of probe 2 (Fig. 5, lane 8) 
corresponds to independent transcription initiation from a 
relatively strong internal promoter (P^s, Fig. 2, and 3). To 
prove that this band represents transcription from an internal 
promoter, we prepared total mRNA from a pdxH::Mudl-8 
insertion mutant and repeated the RNase T 2 protection assay 
(Fig. 6, lanes 1 and 2). In this context, the pdxH::MudhS 
insertion was completely polar and obliterated the pdxH- 
tyrS band (Fig. 6, lane 2). However, the amount of the 294-nt 
Pp rS band was unaffected by the insertion mutation within 
10% error, consistent with independent transcription initia- 
tion rather than mRNA processing. Quantitation of ge! bands 
on a beta scope indicated that about 20% of tyrS steady-state 
transcripts originated at P^/y and 80% originated at P^ in 
bacteria growing exponentially in LBC medium at 37°C. In 
support of this interpretation, the chemical half-lives of the 
pdxH-tyrS and P^ transcripts were approximately the 
same (=1 min) under these culture conditions following 
addition of 0.5 mg of rifampin per ml (data not shown). Thus, 
the difference in steady-state amounts of the pdxH-tyrS and 
P^s transcripts did not appear to be caused by different 
transcript stabilities. 

The 294-nt band is indicative of a transcription start at 
position 1048 in Fig. 3. Inspection of the DNA sequence in 
this region shows that P^ is a nonconventional promoter, 
because it largely lacks -35. and -10 cr-70 consensus re- 
gions. Yet P-^5 is about four times stronger than P^^, 
which has relatively good consensus matches (Fig. 3jTO.n 
the basis of rRNA promoters, it seemed that the unusual 
relative strength of P^ might be accounted for by two 



upstream features. First, P^ is preceded by A-T-rich 
tracks highly reminiscent of upstream activating sequences 
of rRNA promoters (Fig. 3) (39). The periodic repetition of A 
and T residues may indicate that P^ is naturally bent DNA 
(21, 31, 39). Second, two putative Fis protein-binding sites 
are located directly upstream from P/yrs 

(Fig. 3) (59). How- 
ever, Pty rS chromosomal expression was unaffected by a 
fiswkan mutation during growth in LBC medium at 37°C 
(Fig. 6, lane 3). 

Requirement for YL&fPMF biosynthesis early in cell divi- 
sion. Growth characteristics of pdxH::M\}dl-8 mutants dur- 
ing mild PL limitation implied that PLP is required for a step 
early in ceil division. pdxH::Mudl-8 mutants show an abso- 
lute requirement for PL that cannot be satisfied by PN (Fig. 
1). Although LBC rich medium seems to contain excess PN, 
we found that it was partially limiting for PL. Colonies of 
pdxH::Mvdl-8 mutants grew noticeably more slowly on 
LBC plates at 37°C than their pdxH* parent (Table 2). 
pdxH::MudI-8 mutants grown overnight in LBC medium at 
30°C assumed extremely unusual shapes (Fig. 7B). The cells 
were greatly elongated and contained nucleoids that appar- 
ently could not segregate (compare panels A and B, Fig. 7). 
Several observations support the idea that the elongated cell 
phenotype was directly due to a limitation of PLP or PMP. 
Addition of PL, but not r>alanine (2, 19), to LBC medium or 
the presence of the pTX281 pdxH* minimal clone (Fig. 2) 
eliminated the defective cell morphology (data not shown). 
Moreover, the elongated cell phenotype was not caused by 
the presence of the Miu/I-8 element, because analogous 
pdxA::MudI-8 mutants did not show defective shape or 
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FIG. 7. Cellular morphologies of pdxH::Mudl-8 mutant. NU1707 in LBC-PL (A) or LBC (B) medium.' Olis'bbtaineiS ? ftt» r ':overni e ht 
cultures grown with shaking at 30°C were washed with 0.84% NaCl, stained with DAPI, and photographed under combined fluorescent and 
phase-contrast optics as described in Materials and Methods. Similar results were obtained for pdxH::Mud\-8 mutant NU1708 {data not 
shown). Bar, 10 juti. When XhepdxH* parent strain or pdxH::M\idhS mutant NU1707 transformed with/*£t// + plasmid pNU216, pNU217, 
or pTX281 was grown in LBC or LBC-PL medium, all cells resembled those in panel A (i.e., no elongated cells with partially segregated 
nucleoids were observed; data not shown). . ' " 



nucleoid segregation (data not shown). The importance of 
PLP and PMP biosynthesis to cell division is considered 
further in the Discussion. 

Requirement for pdxH function but existence of a second 
pathway for PNP oxidation. The well-characterized pdxH:: 
MudhS insertion mutants described above allowed us to 
examine whether E. coli contains one or two forms of PdxH. 
oxidase. In euicaryotes, PNP oxidase seems to show an 
absolute requirement for molecular oxygen as an electron 
acceptor (29, 40). Therefore, we wondered whether faculta- 
tive anaerobes, such as E. coli, contain two forms of PNP 
oxidase or a single PNP oxidase with the ability to use 
electron acceptors other than oxygen. To test the former 
hypothesis, we determined whether pdxH::Mudl-8 mutants 
could grow anaerobically m the absence of added PL. The 
results show that pdxH::MudI-8 mutants require PL under 
all growth conditions (Table 2). 

The structural data presented above show that pdxHv. 
Mudl-8 insertions are at most only moderately polar on 
downstream gene expression (about 20%) because of P^ 
(Fig. 6); In addition, transcription downstream of tyrS prob- 
ably occurs from the opposite DNA strand from pdxH and 
tyrS, which means that tyrS is the last gene in what appears 
to be a two-rgene complex operon (Fig. 2 and see above). 
Thus, it seemed extremely unlikely that pdxH::Mudl-8 in- 
sertions were exerting a polar effect on a downstream, 
anaerobic pdxH gene. To test this notion further, we trans- 
formed the pdxH* parent NU816 and pdxHrMudl-8 mu- 
tants NU1707 and NU1708 with the three pdxH* plasmids 
depicted in Fig. 2. Surprisingly, pNU217 and minimal 
pdxH* clone pTX281 inhibited and pNU216 prevented an- 
aerobic growth of both the parent and pdxH mutants in 
Casamino Acid-supplemented MMG lacking antibiotics (Ta- 
ble 2). When larger colonies did appear, the bacteria had lost 
the pdxH* plasmids. By contrast, on LBC rich medium, the 
plasmids did not adversely affect growth. Control experi- 
ments indicated that the pBR325 vector did not adversely 
affect anaerobic growth of the NU816 parent strain (data not 



shown). Thus, pdxH* itself and other genes nearby cannot 
be tolerated on multicopy plasmids in bacteria growing 
anaerobically on enriched minimal-glucose medium. 

Last, we tested whether suppressors could be isolated in 
pdxH\'Mud\-8 mutants that allow aerobic or anaerobic 
growth on minimal media lacking PL. Unexpectedly, stable, 
spontaneous suppressors could be isolated both in the pres- 
ence and absence of oxygen. pdxH suppressors isolated 
under aerobic conditions allowed anaerobic growth without 
PL and vice versa (data not shown). Preliminary cotransduc- 
tion mapping revealed at least two classes of suppressors, 
linked or unlinked to the pdxH region, which were isolated 
most readily under anaerobic or aerobic conditions, respec- 
tively (data not shown). Implications to PLP biosynthesis of 
suppressors that replace pdxH oxidase function are consid- 
ered in the Discussion. 

pdxH::Mudi-8 mutants excrete ssgniftcanS amounts of l-GIu 
and a compound that triggers L-valine inhibition o? E. coli 
K-12 straias. Mutations in pdxH lead to accumulation of 
precursors in the PLP biosynthetic pathway, such as PNP 
and PMP (Fig. 1). We observed that pdxH::Mud\-& liquid 
cultures grew about a third as fast as the pdxH* parent strain 
in MMG-PL at 30°C (data not shown). When pdxH::Mud\'8 
mutants were streaked side by side with their E. coli K-12 
parent strain on MMG-PL plates, a striking inhibition of the 
parent strain was obvious (data not shown). These results 
strongly hinted that pdxH::Mudh8 mutants were excreting a 
growth inhibitor into the culture medium. 

To investigate this phenomenon further, ecli-free filtrates 
were made from cultures of pdxH::MudI-8 mutants (Table 
3). Ten microliters of filtrate from overnight cultures was 
sufficient to cause a 1- to 2-cm-diameter inhibition zone for 
K-12 strain NU816. Because inhibition. was observed only 
on MMG agar but not on LBC rich agar, it seemed that the 
inhibitor might be acting on some biosynthetic process. 
Moreover, production of inhibitor was due solely to the 
pdxH mutations, since no inhibition was observed for 
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TABLE 3. Growth inhibition by medium filtrates of 
pdxN::Mudl-8 mutants 

Diam of inhibition zone (cm) of*: 



J. Bacteriol. 



Filtrate source* 



E. coli 
K-12 



£ coli B 



FiHrate- 
resis?ant 

K-12 
mutant 






-He 


+ Ile 


-He 


+ He 


-He 


+Ile 


pdxH* parent (NU816) 


0 


NT 


0 


NT 


NT 


NT 


pdxH::M\ui\-$ mutants 














NU1707 


1.4 


0 


0 


0 


0 


0 


NU1708 


2.2 


0 


0 


0 


0 


0 


pdxA::Mudl-& (NU1709) 


0 


NT 


NT 


NT 


NT 


NT 


pdxHrMudJ-8 mutants with 


0 


NT 


NT 


NT 


NT 


NT 


recombinant pdxH* 














plasmids 














Chemicals (mg/ml) 














L-Val 














0.3 


1.8 


0 


0 


0 


0 


0 


0.03 


1.1 


0 


0 


0 


0 


0 


o;go3 


0 


0 


0 


0 


0 


0 


l-GIu (3) 


0 


NT 


NT 


NT 


NT 


NT 


L-Val + l-G1u 














0.03 + 3 


1.1 


NT 


NT 


NT 


NT 


NT 


0.003 + 3 


0 


NT 


NT 


NT 


NT 


NT 


a-KIV 














0.3 


2.1 


0 


NT 


NT 


NT 


NJ 


0.03 


1.2 


0 


NT 


NT 


NT 


NT 



° Cultures used to prepare fiJtrates were grown in MMG-PL at 30°C for 3 
days ipdxH::Mudl-S mutants) or 1 to 2 days (other strains). Ampicillin (12.5 
jig/mJ) was added to all cultures except NU816. Cells were then removed by 
low-speed centrifugation followed by filtration through 0.2- urn -pore-size 
filters. 

6 Cultures of the three strains to be tested were grown in MMG overnight 
at 37°C. The overnight culture (0.1 ml) was mixed with 0.8% MMG soft agar 
and poured onto 1.5% MMG bottom agar. Both top and bottom agars 
contained 0.3 mM L-Ile t where indicated. Inhibition caused by cell filtrates 
and various chemicals was tested by adding 10 u.1 of filtrates or chemical 
solutions at the concentrations listed to sterile filter paper discs placed on 
plate surfaces immediately after the agar hardened. Plates were inverted and 
incubated at 3TC for 1 day before inhibition zones were measured. NT, not 
tested. 



pdxA::MudI-S or pdxH::Mudl-8 (pdxH* plasmid) strains 
(Table 3).. . 

l- Valine is a well-known metabolic inhibitor of E. coli 
K-12 growth that acts by feedback inhibiting isozymes I and 
III of acetohydroxy acid synthase (57). The following prop- 
erties of the culture filtrates strongly suggested that the 
excreted inhibitor was L-Val or a compound related to L-Val 
(Table 3): (i) L-Ue reversed the inhibitory effect, (a) E. coli 
K-12, but not E. coli B, cells were inhibited, and (iii) 
2-amihopurine mutagenized £. coli K-12 mutants selected 
for resistance to the pdxH mutant filtrates were also resistant 
to L-Val inhibition. 

We tested whether pdxH mutants were excreting L-Val by 
performing amino acid analyses on filtrates (Fig. 8). The 
MMG-PL culture filtrate of pdxH mutant NU1707 or 
NU1708 was mixed with a low concentration of amino acid 
standards to pinpoint relative peak positions. Tue resulting 
chromatograms showed two major peaks corresponding to 
ammonium ion and L-glutamate (arrow, Fig. 8) but no peak 
of L-Val (Fig.8). When amino acid standards were omitted, 
only the ammonium and L-glutamate peaks were seen (data 
not shown). Inhibition zone tests with pure L-Val suggested 
that if L-Val were present, it would have a minimal concen- 
tration of approximately 0.03 mg/ml (Table 3). This concen- 
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FIG. 8. HPLC analysis of amino acids contained in cell filtrates 
of a pdxH.Mudl-S mutant (NU1708) grown in MMG-PL at 37°C 
with shaking. Cell filtrates were prepared as described in Table 2, 
footnote a. The sterile conditioned medium was further filtered 
through a Centricon 3 filter (Amicon Corp., Beverly, Mass.) to 
remove molecules with molecular masses greater than 3,500 Da. 
This extra filtration did not appear to diminish the filtrate's ability to 
inhibit E. coli K-12 (data not shown). The final filtrate was mixed 
with low concentrations of amino acid standards to help identify 
peaks and subjected to KPLC ion-exchange chromatography as 
described in Materials and Methods. The large peak at 18.18 min 
(arrow) represents L-Glu. The other large peak at 68.9 min is 
ammonium ion. The L-Val standard is at 35.26 min. Only the two 
large peaks were observed on chromatograms of conditioned me- 
dium lacking the amino acid standards (data not shown). Additional 
details and controls are described in the text. 



tration was well within the range of detection of the amino 
acid analyses (data not shown). 

Excretion of L-Glu by pdxHrMudVS mutants was totally 
unanticipated (Fig. 8). l-G1u was not detected in filtrates of 
the pdxH* parent (NU816) or pdzH::Mudl-$ mutants con- 
taining a pdxH* recombinant plasmid (NU2352 and 
NU2353) (data not shown). The presence of l-G1u in culture 
filtrates was confirmed further with a bioassay employing the 
enzyme glutarnate dehydrogenase, which specifically uses 
*.-GIu as its substrate (6). Our results showed that NU1708 
t*tJ/), but not NU816 (pdxH*), filtratesjndeed contained a 
substrate of glutarnate dehydrogenase (data not shown). 
Based on the amino acid analyses, the concentration of 
l-G1u in NU1708 filtrates was about 1 nmol/u.1 (=0.15 
mg/ml). The effects of pure l-G1u on the growth of £. coli 
K-12 strains were also tested. No inhibition zone was seen 
even with l-G1u concentrations as high as 3 mg/ml. In 
addition, l-GIu did not enhance the inhibitory effect of L-Vai 
(Table 3;. On the basis of these results, l-GJu was not the 
inhibitor of £. coli K-12 growth excreted by pdxH mutants. 
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Since L-Val was net excreted and l-GJu did not act as an 
inhibitor, it seemed likely that a precursor of L-VaJ lackin* a 
free amino group might be the inhibitor released bv pdxH 
mutants. Such a precursor could then be taken up by £. coli 
str . s,n ? arJ d converted directly into L-VaJ, thereby 
eliciting inhibition. To account for the simultaneous excre- 
tion of (AHis snd this precursor, we frypotfiesizecf that 
PNP/PMP accumulation mpdxH mutants (Fig. 1) inhibits the 
activity of transaminases, which use l-GIu as a common 
substrate. In the L-Val biosynthetic pathway, blockage of 
the transaminase reaction would lead to accumulation and 
possibly excretion of the keto acid a-ketoisovalerate (a- 
KIV). Consistent with this hypothesis, we found that a-KIV 
inhibited the growth of £. coli K-12 cells in a manner similar 
to L-Val (Table 3). 

DISCUSSION 

PNP oxidase, which catalyzes the last step in PLP biosyn- 
thesis in all organisms (Fig. 1), has been extensively char- 
acterized biochemically in animal tissues (10, 11, 29, 36). In 
this paper, we report a molecular genetic analysis of pdxH, 
which encodes PNP oxidase in £. coli K-12. These studies 
revealed significant new information about the function, 
genetic organization, and physiological role of £. coli PdxH 
oxidase. 

We found several similarities between £. coli and eukary- 
otic PNP oxidases. The predicted monomer molecular mass 
of the E. coli polypeptide was 25,545 Da (Fig. 3), which is 
similar to that of the eukaryotic enzyme. Likewise, the 
predicted amino acid composition of E. coli PdxH oxidase 
(Fig. 3) was similar to that of eukaryotic enzymes, which 
were determined biochemically (36). The £. coli PdxH 
polypeptide is predicted to be basic (pl=9.6) and to contain 
a relatively high number of polar amino acids compared to 
aromatic and sulfur-containing residues. £. coli PNP oxidase 
probably binds FMN, as indicated by its full-length homol- 
ogy with the FMN-binding FprA protein of M, xanthus (Fig. 
4) (20). It is well established that eukaryotic PNP oxidases* 
use FMN as a cofactor (11). Furthermore, the high degree 
(>40% identity) and nearly full-length homology between 
PdxH and FprA is striking (Fig. 4) and strongly implies that 
FprA is PNP oxidase of Af. xanthus. ' 

One fundamental difference between the £ coli and 
eukaryotic oxidases may concern function during anaerobic 
growth. Eukaryotic PdxH oxidases are thought to utilize 
molecular oxygen as their sole electron acceptor (29, 40). 
Our genetic analyses show that PdxH oxidase is required in 
wild-type £. coli K-12 for both aerobic and anaerobic growth 
(Table 2). Consistent with this interpretation, crude extracts 
from the NU1708 pdxH::Mudl-8 insertion mutant totally 
lack the PNP oxidase activity, which is easily detectable 
from its pdxH* parent (66). However, the existence of 
suppressors of pdxH function in pdxH insertion mutants (see 
Results) suggests a more complicated situation. One possi- 
bility is that there is a single form of PdxH oxidase in 
wild-type £ coli, which uses oxygen aerobically and another 
electron acceptor anaerobically. In this czst,pdxH suppres- 
sors arise by mutational change in specificity of a pathway 
that does not normally participate in PNP oxidation. Alter- 
natively, a cryptic pathway for PNP oxidation might be 
activated. A second possibility is that PdxH protein is the 
aerobic oxidase that is nevertheless required for activation 
of a second, anaerobic form of the enzyme. According to this 
model, pdxH suppressors arise because of constitutive 
expression of the second form of oxidase. Enzymological 



characterization of £. coli PdxH and molecular genetic 
models' PdXH SUppreSSOrs m in P r °g res * ^ test these 
Genetic, structural, and in vivo transcriDt analyses re- 
yca tefJpMpdxH forms a complex operon with downstream 
tyrS (Fig. 2, 3, 5, and 6). In LBC medium at 37°C with 
aeration, approximately 20 or 80% of steady-state tyrS 
transcripts seemed to originate from the pdxH (? pdxH ) or 
tyrS (Vryrs) promoters, respectively (Fig. 2, 3, 5, and 6). No 
transcription was detected in either direction in the 280-bp 
region immediately upstream from the start of pdxH tran- 
scription, although this region contained an open reading 
frame (ORF1, Fig. 2 and 3). Gene fusions immediately 
downstream from tyrS indicated that this region is tran- 
scribed in the opposite direction to tyrS (Fig. 2). Thus, pdxH 
and tyrS form a two-gene complex operon that contains a 
relatively strong internal promoter (P^). This conclusion 
means that all known genes involved in PN (vitamin B 6 ) or 
PLP biosynthesis are members of a complex, multifunctional 
operon (2, 17, 33, 34, 44, 54). Besides tyrS, other aminoacyi- 
tRNA synthetase genes have also been found in complex 
operons (27, 28, 35). One model to explain this arrangement 
is that complex operons may allow coordinated or differen- 
tial expression of key metabolic functions depending on the 
physiological state of the cell. In this regard, it is interesting 
that pdxA,pdxB y and now pdxH are in complex operons with 
genes that encode proteins important for translation, and 
pdxJ is in a complex operon with a recently discovered 
essential gene of unknown function (33, 54). 

The regulation of tyrS has not been extensively studied in 
£. coli. On the basis of precedents from other aminoacyi- 
tRNA synthetase genes, tyrS may be regulated positively by 
growth rate and perhaps by tyrosine limitation (38). Bacillus 
subtilis tyrS is induced by tyrosine starvation possibly 
through a mechanism involving antitermination (61). The 
results presented here suggest that £. coli tyrS is transcribed 
mainly from a relatively powerful, nonconventional internal 
promoter that shares features with rRNA promoters (39) 
(Fig. 3). Although ? tyrS lacks strong -35 and -10 consensus 
sequences, it is preceded by A-T-rich DNA that likely is 
naturally bent (21, 31, 39) and contains two potential Fis 
protein-binding sites (59). However, in vivo transcriotion 
from P^ was unaffected by a fis::kan mutation (Fig. 6), 
which is a property shown by several other promoters that 

$2? FiS in Vitr ° (65) * ***** accounts for pdxH and about 
20% of tyrS transcription (Fig. 5 and 6) and appears to be a 
conventional cr-70 promoter. PDX boxes, found near the 
starts of pdxA, pdxB, and pdxJ (33, 44, 49), and other 
putative regulatory motifs were not discernable around 
?p<uh oi" within pdxH. Ongoing experiments should deter- 
mine whether relative steady-state amounts or rates of 
transcription from P^ and P s change under different 
growth conditions. 

paxH::MudI-8 insertion mutants showed several unusual 
phenotypic properties that seemed to be due directly to PLP 
coenzyme level rather than partial polarity on tyrS expres- 
sion. When pdxH mutants ran out of PL in LBC rich 
medium, they showed a pronounced division defect charac- 
terized by elongated large cells with unsegregated nucleoids 
(Fig. 7). This appearance contrasts with the spherical cell 
and swelling and bleb phenotypes caused by severe PLP 
limitation that presumably reflects blockage of peptidogly- 
can biosynthesis (2, 19). The cell division defect reported 
here was not lessened by D-alanine addition and may net 
reflect a block in murein biosynthesis (2, 19). The unsegre- 
gated nucleoids in mildly PLP-Iimited pdxH mutants suggest 
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that some early step in cell division requires PLP (12, 16). 
This conclusion implies that E. coli needs to carefully 
regulate PLP Ievd throughout the cell cycle. Consistent with 
this interpretation, pdxA and pdxE^ which are required for 
PN and PLP biosynthesis (2, 44), are positively regulated by 
growth rate at. the level of transcription initiation (43). In this 
regard, it is interesting that fprA, which we show probably 
encodes PNP oxidase (Fig. 4), has been reported to be 
developmental!)- regulated in M. xanthus (20). If this inter- 
pretation is correct, PLP coenzyme level may be modulated 
as a function of developmental stage in M. xanthus. 

Excretion of appreciable amounts of L-glutamate and a 
precursor of L-valine by pdxH mutants in media containing 
PL (Fig. 8; Table 3) underscores the importance to cells of 
maintaining appropriate pool levels of PLP precursors. pdxH 
mutants most likely accumulate PNP and PMP, which are 
substrates of PNP oxidase (Fig. 1). PNP and PMP are known 
to be potent inhibitors of PLP-dependent enzymes, including 
transaminases (52), and transaminases utilize l-G1u as a 
common substrate (5). We- speculate that PNP and PMP 
■-"!-. ;ation by pdxH mutants inhibits transaminases and 
. -,^s to the accumulation and excretion of transaminase 
su. -'rates, including l-G1u and ot-keto acids, such as the 
imrr diate precursor of L-Val, a-KIV. This hypothesis has 
tw implications. First, under some circumstances, cellular 
P P or PMP concentrations control the activity of certain 
c .ymes and thereby regulate the flow of intermediates in 
•rtain metabolic pathways. Second, excretion of l-G1u 
nplies an unanticipated breakdown in feedback regulation 
f l-G1u biosynthesis (42). In this case, the PNP level may 
effect metabolic flow by altering the efficiency of feedback 
control. Whether PNP and PLP levels are modulated in 
pdxH + bacteria under different growth conditions awaits 
testing. 
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Pyridoxine-5'-phosphate oxidase catalyzes the oxidation of either the C4' 
alcohol group or amino group of the two substrates pyridoxine 5' -phos- 
phate and pyridoxamine 5'-phosphate to an aldehyde, forming pyridoxal 
5'-phosphate. A hydrogen atom is removed from C4' during the oxi- 
dation and a pair of electrons is transferred to tightly bound FMN. A 
new crystal form of the enzyme in complex with pyridoxal 5'-phosphate 
shows that the N-terminal segment of the protein folds over the active 
site to sequester the ligand from solvent during the catalytic cycle. Using 
(4 / R)-[ 3 H]PMP as substrate, nearly 100% of the radiolabel appears in 
water after oxidation to pyridoxal 5'-phosphate. Thus, the enzyme is 
specific for removal of the proR hydrogen atom from the prochiral C4' 
carbon atom of pyridoxamine 5'-phosphate. Site mutants were made of 
all residues at the active site that interact with the oxygen atom or amine 
group on C4' of the substrates. Other residues that make interactions 
with the phosphate moiety of the substrate were mutated. The mutants 
showed a decrease in affinity, but exhibited considerable catalytic 
activity, showing that these residues are important for binding, but play 
a lesser role in catalysis. The exception is Argl97, which is important for 
both binding and catalysis. The R197 M mutant enzyme catalyzed 
removal of the proS hydrogen atom from (4'R)-[ 3 H]PMP, showing that 
the guanidinium side-chain plays an important role in determining 
stereospecificity. The crystal structure and the stereospecificity studies 
suggests that the pair of electrons on C4' of the substrate are transferred 
to FMN as a hydride ion. 
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Introduction 

The terminal step in the biosynthesis of pyridox- 
al 5'-phosphate (PLP) in Escherichia coli is the 
oxidation of pyridoxine 5'-phosphate (PNP) to 
PLP, which is catalyzed by pyridoxine phosphate 
oxidase (PNPOx). 1 ' 2 PLP is used to activate a wide 
variety of apoenzymes involved in amino acid 
metabolism, as well as enzymes in several other 
metabolic pathways. In mammalian systems, 
which do not synthesize PLP, PNPOx is an import- 



Abbreviations used: PLP, pyridoxal 
5'-phosphate; PMP, pyridoxamine 5'-phosphate; PNP, 
pyridoxine 5'-phosphate; PNPOx, pyridoxine phosphate 
oxidase; SHMT, serine hydroxymethyltransferase. 
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ant step in a PLP salvage pathway. In addition to 
using PNP as a substrate, the enzymes from both 
E. coli and eukaryotic sources catalyze the oxi- 
dation of pyridoxamine 5'-phosphate (PMP) to 
PLP. 1 - 3 

PNPOx has been purified from sheep and pig 
brain, rabbit liver, and E. co/f. 1 - 3-7 The most exten- 
sive studies have been done with the rabbit liver 
enzyme 3 ' 4 ' 8-15 Recently, crystal structures for the 
E. coli enzyme have been published with and with- 
out PLP bound at the active site. 16 " 18 The structure 
of yeast PNPOx has been determined to 2.7 A 
(RCSB entry 1CI0). Currendy, the protein data 
bank lists amino acid sequences for 15 PNPOx 
enzymes from various sources. There is consider- 
able sequence homology between all of these 
enzymes, suggesting that they share a common 
fold and mechanism. The E. coli enzyme has been 
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shown to exist in an open structure in the absence 
of bound PUP, 17 and a partially closed structure 
with PLP bound. 18 During the oxidation of either 
PNP or PMP, a pair of electrons and a hydrogen 
atom are removed from the C4' and the electrons 
transferred to a tightly bound FMN moiety, form- 
ing FMNH 2 . The electrons are then transferred to 
oxygen, forming H 2 0 2 and regenerating the tightly 
bound FMN. Studies with the rabbit liver enzyme 
showed that it lacked stereospecificity in the 
hydrogen atom removed from the prochiral C4' of 
PMP. 1;> There was nearly equal removal of either 
the proR or proS hydrogen atoms as judged by 
equal numbers of 3 H atoms appearing in the H 2 0 
or PLP fractions when (4'R)-[ 3 H]PMP was used as 
substrate. 

We have determined a new crystal structure 
form of PNPOx with bound PLP in which residues 
5-19, which were not seen in previous structures, 
are shown to form a lid on the active site. In this 
new structure, we see that Argl4 and Tyrl7 both 
interact with the bound PLP at the active site and 
could potentially be important either in binding 
affinity or the mechanism of electron transfer. Kin- 
etic constants were determined for several site 
mutants involved in PLP binding and the effect of 
these mutations on the stereochemistry of hydro- 
gen removal from C4' of PMP was determined. 

Results 

Structural properties of the monoclinic crystal 
form of PNPOx in complex with PLP 

A monoclinic crystal form of PNPOx in complex 
with PLP diffracts to 2.07 A resolution, although 
the crystals are small and have maximal size of 
about 0.03 mm x 0.03 mm x 0.8 mm. Suitable 
crystals for data collection are obtained after 6 
to 12 months. The crystals belong to the space 
group C2 with unit cell constants a = 83.36 A, 
b = 52.24 A, c = 53.91 A, (3 = 101.45 ° and with one 
monomer per asymmetric unit. We were unable 
to obtain a monoclinic crystal form without 
co-crystallizing with PLP. 

The secondary structure assignment and overall 
topology of the monoclinic crystal structure are 
identical with the trigonal structure, which has 
been determined with and without bound PLP. 17 ' 18 
Two monomers, which constitute the functional 
dimer, interact extensively along one-half of each 
monomer, as discussed. 17 Each monomelic subunit 
consists of two domains (1 and 2) folded into an 
eight-stranded P-sheet surrounded by five a-helical 
structures. The larger domain 1 is formed by the 
(3-sheets pl-P5 and two of the five a-helices, al and 
a2. The smaller domain 2 is made up of the three 
remaining a-helices, a3, a4 and cc5. 

To compare the PNPOx structures, dimeric 
models of the trigonal and monoclinic crystals are 
superimposed using the LSQ procedures of O. 19 
For the trigonal crystal, the model containing PLP 
is used, unless noted otherwise. The trigonal and 



monoclinic crystal structures are matched with a 
root-mean-square deviation of 0.51 A for 396 C a 
atoms, using residues 21-218 of the dimeric struc- 
ture. If a more stringent criterion for LSQ-fitting of 
1.0 A is used, the root-mean-square deviation 
between the models is 0.37 A for 364 C a atoms. As 
shown in Figure 1, models from the trigonal and 
the monoclinic crystals fit with minimal deviations, 
including the FMN, PLP and phosphate groups. 
These non-protein molecules interact with PNPOx 
by the same repertoire in both crystals, except 
some additional bonds involving the PLP and the 
N-terminal residues in the monoclinic crystal. 
Refinement statistics for the monoclinic structure 
are recorded in Table 1. Asn208, the only residue 
found in the disallowed region of the Ramachan- 
dran plot, has glycine-like ((> and \|/ dihedral angles 
of 67° and -133°, respectively, for the second 
position in a type II' turn. 20 

The monoclinic model shows a hitherto unseen 
structure of the N terminus (residues 5-19) 
(Figures 1 and 2). In the trigonal crystal, the first 
residue that could be identified was Gly20. 
Residues 8-13 constitute a short 3 10 helix with the 
carbonyl oxygen atoms of Gln8, Gln9 and IlelO 
hydrogen bonded to the nitrogen atoms of Alall, 
Hisl2 and Leul3, respectively. Residues 14-18 are 
in extended conformation, stretching over the 
active site. The NE and NH2 atoms of Argl4, and 
the OH atom of Tyrl7 form hydrogen bonds with 
two phosphate oxygen atoms and the aldehyde 
oxygen atom of PLP, respectively. There is no 
strong conservation of Argl4 and Tyrl7 in other 
PNPOx sequences, but the other enzymes do show 
in this extended region of the N terminus complete 
conservation of residues that can form hydrogen 
bonds. There are a number of other hydrogen 
bonds between this N-terrninal segment with the 
rest of the PNPOx dimer, including a bifurcated 




Figure 1. Least-squares superposition of monoclinic 
PNPOx dimer structure (red) with that of the trigonal 
PNPOx dimer structure (purple). The FMN, PLP and 
phosphate molecules of the monoclinic PNPOx structure 
are shown in magenta, while those of the trigonal struc- 
ture are shown in green. The structures were superim- 
posed as described in the text. The Figure was drawn 
using MOLSCRDPT 30 and Raster3D. 31 
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Table 1. Data collection and refinement statistics of the 
PNPOx crystal 

A. Data collection statistics 
Space group 
Unit cell dimensions 

a, b, c (A) 

P(deg.) 
Resolution (A) 
No. measurements 
No. unique reflections 
I/oI 

Completeness (%) 

Emerge W 

B. Structure refinement 
Resolution limit (A) 
No. reflections 

R-factor for 95 % working data set 
Kfree ^ot 5% test data set 
rmsd from standard geometry 

Bond (A) 

Angles (deg.) 

Dihedral (deg.) 

Improper (deg.) 
Average B-vaiues (A 2 ) 

All 2094 non-hydrogen atoms 

The 856 backbone atoms 

The 919 sidechain atoms 

The 31 FMN atoms 

The 16 PLP atoms 

The 5 phosphate atoms 

The 267 water molecules 
Ramachandran plot (%) 

Most favored region 

Additional allowed region 

Generously allowed 

Disallowed region 
Estimated coordinate error (A) R-factor 

By Luzzati plot 0.22 0.29 

By SigmaA plot 030 035 



C2 (b-unique) 

8336, 52.24, 53.91 

101.45 
40-2.07 (2.14-2.07) 
32,505 
13,510 
8.3 (2.1) 
96.6 (92.9) 
7.7 (26.4) 



40-2.07 (2.15-2.07) 
13,510 (1403) 
0.178 (0.293) 
0.230 (0.349) 

0.010 
1.54 
22.9 
2.45 

27.8 
25.1 
27.2 
18.2 
21.5 
24.9 
40.2 

91.1 

6.8 

1.6 

0.5 
R-factor 
0.22 
030 



Numbers in parentheses refer to the outermost resolution 
bin. 

• R merge = Z«J) - D/EJ. 



and 636 A 2 surface areas on the two dinners in con- 
tact. The total crystal contact area is 2550 A 2 per 
dimer, accounting for about 15 % of the dimer sur- 
face (17,930 A 2 ). This is within the typical range of 
1100-4400 A 2 per molecule 22 for crystal contact 
areas. In one of the dimers, only one subunit is 
involved (14 residues), while in the other both sub- 
units are involved (11 and 2 residues). Table 2 lists 
specific bonds between residues in direct contact in 
the dimer. In addition, there are at least 31 inter- 
face water molecules. 

In the monoclinic crystal, each dimer is in con- 
tact with six neighbours, four related by the C-cen- 
tering symmetry and two by unit translation along 
the c-axis. The first type of interface buries 710 Ar 
and 694 A 2 , areas on the opposing dimers and 
involves 17 and 16 residues, respectively. The 
second type buries 494 A 2 and involves 14 residues 
on each dimer. The total buried area is 3796 A 2 per 
dimer, or about ' 21 % of the dimer surface 
(18,293 A 2 ), indicating more involved molecular 
packing than the trigonal crystal form. Some 
specific bonds are listed in Table 2. There are at 
least 36 and 16 water molecules near the two inter- 
faces. Among the 16 residues of the second dimer 
of the first interface, ten are from one subunit and 
the remaining six are from another subunit. The 
latter encompass the N terminus, which is sand- 
wiched between two dimers as shown in Figure 3. 
This explains why these residues are seen only in 
the monoclinic crystal. In addition, the second 
interface contains a hydrophobic patch involving 
the dyad-related side-chains of Leu27, Ala29 and 
Ile213. The peptide N and O atoms of Trp211 also 
form two water-bridged hydrogen bonds across 
the dyad axis. 



salt-bridge between the side-chains of Argl5 and 
Asp49 of the other subunit. The side-chains of IlelO 
and Leul3 in the 3 10 helix are involved in hydro- 
phobic interaction with a non-polar patch formed 
by Leu39, Cys43, Pro50, Thr51, Leu71 and Tyr74 in 
the other subunit. 

Crystal packing 

The specific volumes, or Matthews coefficients, 21 
of the trigonal and monoclinic crystals are 3.01 and 
2.38 A 3 /Da, respectively. This reduced volume in 
the monoclinic crystal cannot be explained by the 
extensive interactions between subunits within a 
dimer, because they are virtually identical for both 
crystal forms, which involve about 2600 A 2 surface 
area on each subunit (see Safo et ah 17 for a descrip- 
tion of these contacts). Rather, the reduced specific 
volume in the monoclinic crystal is due to differ- 
ences in dimer packing. In the trigonal crystal, 
each dimer is in contact with four neighbours, 
related by the 3 1 screw symmetry axis inside the 
unit cell body, via identical interfaces. Not includ- 
ing water molecules, the interface buries 639 A 2 



Table 2. Specific bonds at lattice contacts of PNPOx 
crystals 

Residue 1 Atom 1 Residue 2 Atom 2 Distance (A) 
A. Trigonal: Residues 1 and 2 belong to dimers related by x, y, z 



and -y, x-y+1, z+1/3 

Glu94 OE1 Arg23 NH1 2.97 

Glu94 OE2 Arg23 NH2 2.70 

Thrl23 OG1 Ile213 O 2.59 

Serl76 O Arg24 NE 3.00 

Serl76 OG Leu27 O 2.64 

B. Monoclinic 1: Residues 1 and 2 belong to dimers related by x,y, z 
and x-1/2, y-1/2, z 

Glu94 OE1 Leu7* N 2.87 

Glu94 OE2 Hisl2* NE2 2.71 

Lysll7 NZ Glnl69 O 3.35 

Glull9 OE1 Argl35 N 2.70 

Serl76 OG Gln9* OE1 2.84 

Arg206 O Glnl69 NE2 3.00 

Asn208 N Glnl68 OE1 3.02 

Asn208 ND2 Glnl65 OE1 2.98 

Arg206 O Glnl68 NE2 3.24 

C. Monoclinic 2: Residues 1 and 2 belong to dimers related by x, y, 
z and x, y, z+2 

Leu27 O Ala29 N 2.63 

Ala29 N Leu27 O 2.63 



'Residues belonging to different subunits of the symmetry- 
related dimer. 
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Figure 2. Difference Fourier 
(2F 0 — maps of the monoclinic 
PNPOx crystal for the N-tenninal 
region. The maps were calculated 
at 2.07 A resolution using all reflec- 
tions and phase angles of (a) the 
initial protein model after molecu- 
lar replacement search and (b) the 
final model refined by CNS. Maps 
were contoured at the 1.0 a level 
and superimposed with the refined 
model. The polypeptide sequence 
shown is DELQQIAHLRREYTKG. 
The associated FMN and PLP mol- 
ecules are also shown. The. 
Figures were produced using 
Bobscript 32 and Raster3D. 31 



We were unable to obtain a monoclinic crystal 
form without co-crystallizing with PLP. The reason 
could be due to the fact that the monoclinic struc- 
ture represents a completely closed form of 
PNPOx, in which the N-terminal segment makes a 
number of interactions with the substrate PLP. 
Additionally, the N terminus is extensively 
involved in lattice contacts. Without bound PLP, 
the N terminus would remain flexible and disor- 
dered in solution. Therefore, it could not be packed 
properly into the monoclinic lattice due to lack of 
stabilizing inter-dimer contacts at the molecular 
interface. Most likely, it is the combination of these 
interactions involving the lattice and the bound 
PLP that have led to the stabilization of the N ter- 
minus and this explains why these residues are 
seen in the monochnic crystal. In contrast, the N 
terminus in the trigonal crystal faces the bulk sol- 
vent and lacks the lattice contacts observed in the 
monoclinic crystal. This has therefore led to its dis- 
order, even though the trigonal crystal also binds 
PLP. 

Active-site interactions 

We have previously discussed the active site in 
both open and partially closed forms. 17,18 In the 
native trigonal PNPOx without any bound PLP, 
the active site' is open, while in the trigonal crystal 
with PLP bound the C terminus of helix <x3, helix 
a4, and the loop located between these two helices 
(residues 129 - 140) have shifted 1.4 A and rotated 
2.7° toward the active-site cavity. This tertiary 
movement enables the residues Tyrl29, Argl33 
and Serl37 to come closer and mafelnteracrfbhs 
with the PLP phosphate moiety. In addition, the 



flexible turn located between the strands S6 and S7 
(residues 193-199), has shifted and rotated about 
2.4 A and 9.4°, toward the active site, and allows 
closer hydrogen bond interaction between PLP and 
the residues Hisl99 and Argl97. 

In the monoclinic crystal, the FMN molecule and 
the disposition of protein side-chains about it 
remain identical as in the trigonal crystal. The sub- 
strate PLP molecule occupies the same position in 
the active site and has essentially unaltered confor- 
mation in both crystals. In addition the two crys- 
tals show similar interactions between the protein 
and the bound PLP, with only a few rearrange- 
ments of some active-site residues. However, there 
are additional N-terrninal residues that contribute 
to interaction with the PLP in the monoclinic crys- 
tal. The specific interactions between the PLP and 
the monodinic crystal protein residues at the active 
site are shown in Figure 4. Three hydrogen bonds 
are conserved, between the OP1, OP2, and 03' 
atoms of PLP and the NZ (2.7 A), OH (2.5 A), and 
NE2 (2.6 A) atoms of Lys72, Tyrl29 and Hisl99*, 
respectively. Interestingly, the guanidinium groups 
of both Argl33 and Argl97* are flipped over, 
resulting in NE and NH1 making two proper 
hydrogen bonds with the PLP phosphate moiety of 
2.6 A and 2.8 A for Argl33 and 2.9 A and 3.3 A 
for Argl97*. In the trigonal crystal structure, only 
the NH1 atoms from the two residues are in 
hydrogen bond contact with the phosphate group. 
The side-chain of Argl97* also moves closer to the 
phosphate group, probably assisted in part by the 
hydrogen bonding of its NH2 atom to the back- 
bone oxygen atom of Argl5* (not shown in 
Figure 4). 
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Figure 3. Stereo drawing of two neighbouring PNPOx dimers related by C-centering symmetry operation (x + 1/2, 
y + 1/2, z) in the monoclinic crystal. The polypeptide chains are coloured cyan and magenta in one dimer, and green 
and blue in the other. The sandwiched N-terminal segment between the two dimers is shown in red. The extensive 
interactions with the neighbouring molecule at the crystal contact interface rendered more stability and less mobility 
of the N terminus, and thus allows it to be observed in the monoclinic crystal. This Figure was produced usine 
GRASP. 33 or & 



As described previously, the newly identified N- 
terminal segment (residues 5-19) in the monoclinic 
crystal stretches over the active-site cavity entrance 
of the adjoining monomer to completely sequester 
the PLP, with the NE and NH2 atoms of Argl4* 
fonriing two unique hydrogen bonds with the PLP 
phosphate group of 3.0 A and 3.3 A, respectively. 
In addition, the Tyrl7* hydroxyl group also makes 
a short hydrogen bond (2.8 A) with the aldehyde 
oxygen atom of PLP. Thus, while the trigonal com- 
plex has a partially closed active site, that of the 
monodinic complex is completely closed. 



Kinetic properties of active-site residues 

As shown in Figure 4, several residues that 
could be potentially important in binding and cata- 
lysis can be identified. These residues were 
mutated individually to test for their role in the 
PNPOx mechanism. We have made the following 
mutant PNPOx forms; H199A, H199N, D49A, 
Y17F, R14E, R14M, R197M and R197E. The and 
Jc^ values, for each of these mutants are shown in 
Table 3. Except for H199N, all mutations have 
increased values, with H199A, R197 M and 
R197E showing greatly decreased affinity for PNP. 



Only R197E shows a large decrease in catalytic 
activity.. 

Hisl99 forms a hydrogen bond to 03' of the 
bound product PLP (Figure 4). This residue is con- 
served in all 15 currently known PNPOx 
sequences. Replacing Hisl99 with another hydro- 
gen bond donor (Asnl99) results in no change in 
K^, but about a fourfold decrease in k cat (Table 3). 
However, removing this hydrogen bond in the 
H199A mutant results in a 233-fold decrease in 
affinity but with no effect on fc cat . This suggests 
that a hydrogen bond is critical for binding, but 



Table 3. Kinetic constants for active site mutants of 
£. coli PNPOx 



Enzyme 




K*t (s _1 ) 


Wild-type 


0.30 


0.13 


H199A 


70 


0.14 


H199N 


0.30 


0.03 


D49A 


1.0 


0.06 


Y17F 


1.0 


0.60 


R14E 


2.0 


0.16 


R14M 


2.6 


0.14 


R197M 


90 


0.03 


R197E 


2400 


0.008 
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Figure 4. Stereoview of the active site of monoclinic PNPOx showing the FMN cofactor (yellow), PLP ligand 
(green) and associated protein residues. Hydrogen bond and/or salt-bridge interactions are shown between PLP and 
protein residues from monomer A (cyan) and monomer B (magenta). Atoms are shown in stick representation, with 
oxygen and nitrogen atoms coloured red and blue, respectively. The Figure was drawn using MOLSCRIPT 30 and Ras- 
ter3D. 31 



that the basic property of Hisl99 is not important 
for catalytic activity. The Hisl99 imidazole side- 
chain is hydrogen bonded to the carboxylate side- 
chain of Asp49 (not shown in Figure 4). Removing 
this hydrogen bonding capability in the D49A 
mutant increase the value by a factor of 3 and 
decreases k cat by a factor of 2, suggesting that 
Asp49 plays a minor role in binding and catalytic 
activity. Residue 49 is conserved as either Asp or 
Glu in 12 of the currently known 15 sequences for 
PNPOx. 

Tyrl7 and Argl4 are a part of the N-terminal lid 
that covers the active site. The hydroxyl group of 
Tyrl7 forms a 2.8 A hydrogen bond to the C4' oxy- 
gen atom of PLP (Figure 4). Removing the hydro- 
gen bonding property of Tyrl7 in the Y17F mutant 
'results in a threefold increase in K^, but a 4.6-fold 
increase in k caV Since the mechanism of PNPOx is 
not yet fully understood, we cannot explain the 
increase in the /c cat value, but it might mean that 
lifting the ammo-terininal lid allowing product 
release may be at least partially rate-detenrrining. 
Tyrl7 is conserved in only six of the 15 structures, 
but in eight of the remaining nine sequences it is 
replaced by a group that can form a hydrogen 
bond with PLP. The guanidinium group of Argl4 
forms two hydrogen bonds of 3.0 and 3.3 A to two 
oxygen atoms of the phosphate moiety of PLP. 
Changing the positive charge to a negative charge 



in the R14E mutant increases by about sixfold, 
but has no effect on k cat . Removing the positive 
charge in the R14 M mutant reduces affinity by 
eightfold, but again has no effect on fc cat . Argl4 is 
conserved in only six of the 15 members of this 
family. 

Argl97 lies above the plane of the PLP ring and 
its guanidinium group forms a bifurcated set of 
hydrogen bonds with two oxygen atoms of the 
phosphate group of PLP of 2.9 A and 3.3 A 
(Figure 4). However, the guarudinium group also 
lies 3.6 A above the aldehyde moiety of PLP, 
suggesting that this residue may be important for 
binding of the substrate PNP and involved in 
chemistry by organizing adjacent residues and 
bound water molecules. These conclusions are sup- 
ported both by the effects of mutations on this resi- 
due and its conservation in all 15 members of the 
PNPOx family. Changing the positive charge of 
Argl97 to a neutral side-chain in R197 M results in 
a 300-fold increase in and a fourfold decrease 
in In the R197E mutant, is increased 8000- 
fold and fc cat is decreased about 16-fold. 



Stereochemistry of hydrogen removal from C4' 
of PNP 

Scheme 1 shows the strategy used to determine 
the stereochemistry of hydrogen removal from C4 ; 
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Scheme 1. Reactions used to determine stereospecificity of PNPOx. Upper line, reactions used to make (4'R)- 
l HjPMP. Bottom line, reactions used for deterrnining stereospecificity of PNPOx. 



of PMP. This is based in large part on the same 
method used to determine the stereochemistry of 
rabbit liver PNPOx. 15 The key to this procedure is 
the preparation of (4'R)-[ 3 H]PMP using the known 
stereochemistry of aspartate aminotransferase in 
converting PLP to PMP. 23 The aspartate amino- 
transferase forms PMP stereospecificaUy and it 
serves as a convenient purification method allow- 
ing the separation of the bound PMP from other 
reactants by size-exclusion chromatography. The 
PMP is freed at neutral pH by ethanol-denarura- 
tion of aspartate aminotransferase. 

The oxidation of (4'R)-[ 3 H]PMP transfers one of 
the C4' hydrogen atoms to H 2 0 and leaves the 
other hydrogen atom on the product PLP (Scheme 
1, bottom line). PLP binds to an excess of 
apoSHMT, which again provides a convenient 
purification method because of the large size rela- 
tive to unreacted (4'R)-[ 3 H]PMP and H 2 0. We used 
a filtration device to separate the product PLP 
from the other two potentially radioactive com- 
ponents. A blank sample in which PNPOx was 
omitted showed that 99% of the counts passed 
through the filter (Table 4). However, when the 



sample was dried, 90% of these counts remained, 
showing that the counts were attributable to the 
unreacted substrate (4 , R)-[ 3 H]PMP. The obser- 
vation that less than 100 % of the counts remained 
after drying is most likely a result of experimental 
error due to small volume determinations or minor 
radioactive contaminants in the (4 / R)-pH]PMP 
sample. 

Using wild-type PNPOx and (4'R)-[ 3 H]PMP as 
substrate, we found 99 % of the radioactivity in the 
filtrate. After drying, only 7% of the counts 
remained in the filtrate, suggesting that about 93 % 
of the counts were originally present as 3 H 2 0 
(Table 4). This means that in the oxidation of (4'R)- 
[ 3 H]PMP the proR hydrogen atom on C4' is 
removed and the proS hydrogen atom remains 
with PLP. The non-volatile counts in the Microcon- 
30 flow-through fraction most likely are attribu- 
table to unreacted (4 / R)-[ 3 H]PMP. 

The stereospecificity was determined for each of 
the mutant enzymes. Except for R197 M, all 
mutant PNPOx reactions result in transfer of the 
proR hydrogen atom of PMP to H 2 0. With the 
R197 M PNPOx, 64 % of the counts were in the fil- 



Table 4. Stereochemistry of PNPOx oxidation of (4R)-[ 3 H]PMP to PLP 



Enzyme 



cpm in Micron-30 
flow-through 



cpm in the Micron-30 retained 
fraction 



cpm in the dried flow-through 
fraction 



Blank 

Wild-type 

H199N 

D49A 

Y17F 

R14E 

R14M 

R197M 



16,600 (99) a 
17,000 (99) 
15,100 (96) 
17,000 (96) 
16,700 (99) 
17,400 (99) 
17,200 (99) 
11,700 (64) 



180 (1) 
160 (1) 
600 (4) 
900 (5) 
130 (1) 
135 (1) 
100 (1) 
6650 (36) 



15,000 (90) 
1400 (7) 
650 (41) 
600 (4) 
1300 (8) 
1000 (6) 
1200 (7) 
10,100 (86) 



Each reported value is the average of two separate experiments with the variation in counts never being greater than ±1% The 
values in parentheses are percentage of total counts. 
a The total counts varied slightly between experiments, but was always in the range of 16,500 to 17,500 cpm. 
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trate and 36% were located in the holoSHMT frac- 
tion containing the product PLP. Of the counts in 
the flow-through fraction, 86% were not volatile, 
suggesting that there was less than 50 % conver- 
sion of the PMP to PLP in this overnight incu- 
bation. However, the 6650 counts in the SHMT 
fraction shows that as much as 80% of the PMP 
that was converted to PLP came by removal of the 
proS hydrogen atom on (4'R)-[ 3 H]PMP. This 
suggests that in this mutant there is significant loss 
of stereospecificity. R197E and H199A PNPOx 
have either high or low fc cat values, resulting in 
insufficient PLP product being formed during the 
incubation to determine the location of the 3 H 
accurately. 

Discussion 

Studies on rabbit liver PNPOx showed that in 
the oxidation of PMP the enzyme lacks stereospeci- 
ficity on removing the hydrogen atom from C4'. 15 
As noted by the authors of the rabbit liver PNPOx 
study, there are two possible mechanisms for oxi- 
dizing the C4' alcohol or amine group to an alde- 
hyde by a two-electron transfer. (There is no 
evidence for oxidation by two one-electron trans- 
fers to FMN). One mechanism is the transfer of a 
hydride ion from PNP to FMN, leaving an elec- 
tron-deficient C4'. The proposed hydride ion trans- 
fer would generate a buildup of positive charge at 
C4', which could be resonance-stabilized by the 
electron pairs on 03' as shown in Scheme 2A. The 




A B 

Scheme 2. Description of two possible mechanisms for 
the transfer of electrons from the substrate C4' to 
FMN. The FMN ring is in front of the PMP ring to cor- 
respond to the structure observed in the monoclinic 
crystal, (a) Possible mode of resonance stabilization 
during a hydride ion transfer of C4' H R of PMP to 
FMN. (b) Possible mode of resonance stabilization 
during removal of a proton from C4' H R of PMP to gen- 
erate a C4' carbanion. The carbanion would then form a 
covalent adduct with FMN as a part of the electron 
transfer process. 

other proposed mechanism for transferring a pair 
of electrons from the substrate to FMN is removing 
a proton from C4' of PNP (PMP), resulting in a C4' 
carbanion, which then forms a covalent adduct 
with FMN. A resonance-stabilized structure for the 
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putative carbanion can also be proposed, as shown 
in Scheme 2B. The generation of the resonance- 
stabilized carbanion at C4' requires an active-site 
base to accept the proton from C4'. With either of 
these two proposed mechanisms it is difficult to 
envision a reaction without stereospecificity. With 
the E. coli PNPOx, we now see that the removal of 
the hydrogen atom from C4' is stereospecific. 

With the monoclinic crystal structure of PNPOx 
in complex with PLP, as shown in Figure 4, we 
now have the structure of the closed form of the 
enzyme with all active-site residues in contact with 
the product PLP. With the folding of the N-term- 
inal residues over the active site, two additional 
hydrogen bonds are formed between enzyme and 
substrate, and solvent is excluded during the con- 
version of PNP to PLP. Knowing the stereospecifi- 
city of the enzyme should provide a clear picture 
of the mechanistic pathway for PNPOx. In the sub- 
strate complex (PNP or PMP), C4' is tetrahedral 
and the lowest energy for the hydrogen atom that 
is removed will be perpendicular to the plain of 
the pyridine ring. In the hydride ion transfer mech- 
anism, the hydrogen atom will be between the 
PNP and FMN rings (in Scheme 2A and B, FMN is 
in front of PMP). In the carbanion mechanism, the 
proton that is removed from C4' will be on the 
opposite side of the pyridine ring and away from 
the FMN ring. 

Our results show that the labeled hydrogen 
atom of (4'R)-pH]PMP is removed during oxi- 
dation by PNPOx (Table 4). This finding supports 
the hydride ion transfer mechanism (Scheme 2A). 
The structure shown in Figure 4 has C4' of PLP 
located directly above N5 of FMN. The distance of 
3.3 A between C4' of PLP and N5 of FMN is opti- 
mal for hydride transfer. The mechanism shown in 
Scheme 2B requires a base to be located near H R of 
C4', which would be pointing on the opposite side 
of the PMP ring as discussed above. There are only 
two residues near C4' of the bound PLP that could 
be the putative base. These are Hisl99* and Tyrl7* 
(Figure 4). When these two residues are changed to 
non-basic residues, the enzyme retains consider- 
able catalytic activity, showing that neither can be 
the proton acceptor required by the mechanism 
shown in Scheme 2B (Table 3). Also, neither are in 
the correct position to accept the proR hydrogen 
atom from C4' of PNP. There is a conserved water 
molecule located near the C4' hydroxyl group and 
the guanidinium group of Argl97*. It makes 
hydrogen bonds with four atoms; Argl97* NH1 
(3.2 A), Argl5* N (3.0 A), Tyrl7* OH (2.7 A), and 
another water molecule (3.0 A). Even though this 
water molecule has a very low B-factor (21 A 2 , 
compared to 40 A 2 for the average water molecule) 
and ' is also 2.9 A from H R of PMP when it is 
oriented as shown in Scheme 2B, it is unlikely to 
be the putative base. There are several reasons for 
this conclusion. First, there is no additional valence 
electron available for bonding to C4' H R . Also, 
changing Tryl7* to a non-hydrogen bonding 
Phel7* increases /c rat by 4.6-fold. Removing a 
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hydrogen bond from this water molecule should 
make it a weaker base and result in a decrease in 
k^ t . In the R197M mutant, is reduced only four- 
fold. A greater effect on removing a hydrogen 
bond donor and positive charge would be expected 
if this water molecule was the catalytic base. In 
none of our structures with PLP bound at the 
active site do we see any covalent bond between 
C4' of the PLP and N5 of FMN, which would be 
an intermediate formed in a carb anion mechanism. 
But most important of all in eliminating the carba- 
nion mechanism is the location of the aldehyde 
group of the product PLP. As shown in Scheme 
2B, the amino group lies in a position that would 
put the product aldehyde oxygen atom on the side 
of the ring toward the phosphate residue and not 
03'. Both the monoclinic and trigonal crystal struc- 
tures show that in the PLP complex the aldehyde 
oxygen atom lies in the plane on the 03' side of 
the ring. 

This leaves unanswered why the rabbit PNPOx 
was found to lack stereospecificity in removing the 
hydrogen atom from C4' of PMP. 15 The structure 
shown in Figure 4 is for the product PLP bound at 
the active site. C4' is a planar trigonal sp 2 hybrid 
carbon atom in PLP. As noted above for the sub- 
strates PNP and PMP, C4' has tetrahedral sp 3 
hybridization. In Figure 5(a) is shown the active- 
site structure modeled for PNP or PMP binding at 
the active site and with 4C H R both perpendicular 
and between the pyridine ring of the substrate(s) 
and the FMN ring system for optimum geometry 
of hydride ion transfer. In this model, the closest 



hydrogen bond distance of the OH or NH 2 group 
on C4' to Tyrl7* and Argl97* are 2.9 A and 2.8 A, 
respectively. The conserved water molecule is 
about 3.6 A distant. If you rotate the bond between 
C4 and C4' so that 4'Hg is now poised for transfer 
to FMN, the C4' OH or NH 2 are now 3.6 A and 
2.8 A from Tyrl7* and Argl97* and 2.7 A from the 
water molecule (Figure 5(b)). Since this is a model, 
the distances of the C4' OH to the water molecule, 
Tyrl7* and Argl97* are not so different that we 
can eliminate the possibility that the substrates 
PNP and PMP may be able to bind in either con- 
formation, giving non-specific transfer of the pro 
chiral hydrogen atoms to FMN. In the confor- 
mation shown in Figure 5(b), the interaction of the 
OH or NH 2 group attached to C4' with 03' of the 
substrate ring is lost, which would argue against 
this conformation. This juxtaposition of the OH 
group of PNP or NH 2 group of PMP and the gua- 
nidinium group of Argl97* may determine why in 
E. coli PNPOx it is the structure corresponding to 
Figure 5(a) that is bound at the active site. In 
human and rat PNPOx sequences, Tyrl7 is 
replaced by Asp. This change from a neutral to a 
negatively charged side-group may significantly 
alter how this residue interacts with the substrate 
and the location of Argl97*. The sequence of rabbit 
PNPOx is not known but may have a substitution 
for Tyrl7* giving a slightly different set of inter- 
actions at the active site. This might permit both 
orientations shown in Figure 5 to be populated, 
thus resulting in a loss of stereochemistry in the 
hydrogen atom removed from C4' of PMP. 



(a) 



PLP, 



(b) 




PLP, 



Figure 5. Model of PNP in the 
active site of monoclinic PNPOx 
showing interactions with C4' as a 
tetrahedral carbon atom with either 
4' H R or Hg pointed perpendicular 
and lying between the pyridine 
ring of PNP and N5 of FMN. (a) 
Model with C4' H R in position for 
a hydride transfer to FMN. (b) 
Model with C4' Hg in position for a 
hydride transfer to FMN. 
The Figures were drawn using 
MOLSCRIPT 30 and Raster3D. 31 
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We mutated Argl97 to Glu or Met to test its role 
in binding and stereochemistry. As recorded in 
Table 3, the affinity of PNP for both mutants has 
been decreased greatly. We attempted to determine 
the stereospecificity of both the R197E and R197M 
mutant enzymes, but this was not possible for the 
R197E mutant because of its greatly reduced affi- 
nity and catalytic activity. However, for the R197M 
mutant PNPOx, about 50% of the original 17,000 
counts have been converted to the products PLP 
attached to holoSHMT and H 2 0 in the filtrate 
(6650 cpm in the retained fraction + 1600 cpm lost 
during drying of the filtrate, Table 4). Of these 
counts in the two products, about 80 % appears in 
holoSHMT, showing that the R197 M mutant has 
lost significant stereochemical control and transfers 
the proS hydrogen atom on C4' about 80% of the 
time. This suggests that Argl97* plays a significant 
role in binding of the substrate for optimum trans- 
fer of electrons to FMN. 

Materials and Methods 

Materials 

PMP, PLP, PN, and PM were obtained from Sigma 
Chemical Co., St. Louis, MO. All buffer solutions were 
made of the purest components available. E. coli aspar- 
tate aminotransferase was purified from cell extracts of 
an over-expressing clone, kindly provided by Dr Roberto 
Contestable, University of Rome. 24 E. coli PNPOx and 
rabbit liver cytosolic SHMT were purified from E. coli 
-clones as described. 7 ' 25 4'-[ 3 H]PNP and 4'-[ 3 H]PLP were 
synthesized from unlabeled PLP and NaB[ 3 H] 4 (Amer- 
sham life Science Inc., Arlington Heights, IL) as 
described. 26 

The apoSHMT was prepared by using L-cysteine to 
trap the PLP as a thiazolidine complex. L-Cysteine 
(10 mM) was added to 20 mg of purified SHMT in 
100 mM potassium phosphate (pH 6.8), 25 % saturated 
with ammonium sulfate. This solution was added to a 
1 cm x 5 cm phenyl-Sepharose column equilibrated with 
the same L-cysteine /ammonium sulfate-<ontaining buf- 
fer. The enzyme binds tightly and continued washing 
with this buffer results in removal of the bound PLP, 
leaving apoSHMT bound to the column. After all PLP 
has been removed, as evidenced by the lack of 330 run 
absorbing material in the eluate, the apoSHMT is eluted 
with 10 mM potassium phosphate (pH 7.3), 1 mM 
ctithiothreitol. The apoSHMT is concentrated and ana- 
lyzed against the eluting buffer. 

Preparation of PNPOx site mutants 

All mutant forms of PNPOx were made on the wild- 
type construct pET22::PNPOx 7 using the QuickChange™ 
Site-Directed Mutagenesis Kit from Stratagene (La Jolla, 
CA). Oligonucleotides were synthesized by Integrated 
DNA Technologies, Inc., (Coralville, IA). £. coli MDS00 
(W3110 fccI169 rna2 sup 0 ApdxH::U(Cm r ) PE3)), used for 
expression of the mutant forms of PNPOx, were gener- 
ated from E. coli strain TX2768 through a XDE3 Lysogen- 
ization Kit (Novagen, Madison, WI). For protein 
expression, bacterial cells were grown for 15 hours at 
37 °C in 1.5 x LB medium without isopropyl-P-thiogalac- 
toside induction. Protein purification was as described. 7 



About 100 mg of each pure mutant protein was obtained 
per liter of culture. 

Preparation of apoaspartate aminotransferase 

Holoaspartate aminotransferase (150 mg; PLP form) 
was incubated at room temperature for a few minutes in 
5 ml of buffer A (100 mM potassium phosphate (pH 6.0), 
0.2 mM EDTA, 1 mM dithiothreitol and 50 mM L-gluta- 
mate). After addition of solid ammonium sulfate to 25% 
saturation, the solution was loaded onto a phenyl-Sepha- 
rose column (1 cm x 10 cm) equilibrated with buffer A 
containing ammonium sulfate at 25% saturation. The 
protein binds to the column as a sharp yellow band. The 
glutamate converts the enzyme-bound PLP to PMP, 
which dissociates under the high-salt condition. The 
column is washed with buffer A until the yellow band 
disappears and all pyridoxamine 5'-phosphate is eluted, 
as determined by the lack of an absorbance band at 
325 nm in the eluate. The apoaspartate aminotransferase 
is eluted by first adding 5 ml of buffer A lacking the glu- 
tamate. This is followed by washing the column with 
20 mM potassium phosphate (pH 6.0), 0.2 mM EDTA, 
1 mM dithiothreitol containing 15 % propylene glycol. 
Fractions containing apoaspartate aminotransferase 
absorbing at 280 nm are pooled and dialyzed against 
this buffer (without propylene glycol) after which the 
protein is concentrated by means of a Centriplus-30 filter 
device (Amicon-Millipore). The apoaspartate aminotrans- 
ferase is stored at -20 °C at a concentration of about 
18mg/ml. 

Preparation of (^FO-pHJPMP 

The upper line of Scheme 1 shows the strategy for pre- 
paring (4'R)-[ 3 H]PMP. A solution containing 50 nmol of 
apoaspartate aminotransferase, 1 nmol of PNPOx, 
35 nmol of 4'-[ 3 H]PNP in 500 ul of 20 mM potassium 
phosphate (pH 7.3), 20 mM L-glutamate, 1 mM dithio- 
threitol is incubated at 37 °C for one hour. During this 
incubation the 325 nm absorbance of PNP shifts to the 
355 nm and 428 nm absorbance peaks of holoaspartate 
aminotransferase. The reaction mixture is concentrated, 
by centrifugation in a Centricon-30 filter, to 250 ul and 
loaded onto a P6-DG column (1 cm x 13 cm) previously 
equilibrated with 20 mM potassium phosphate (pH 7.2), 
20 mM L-glutamate, 1 mM dithiothreitol and eluted with 
the same buffer. The glutamate shifts the equilibrium of 
holoaspartate aminotransferase from the PLP form to the 
PMP form with the formation of 2-oxoglutarate. As the 
enzyme progresses down the sizing column, the 2-oxo- 
glutarate is separated from the enzyme blocking the 
reverse reaction, resulting in complete conversion from 
the PLP form to the. PMP form of holoaspartate amino- 
transferase. Fractions of 0.5 ml are collected and those 
containing aspartate aminotransferase are pooled and 
concentrated by centrifugation in a Centricon-30 filter. 
The concentrated protein in the Centricon-30 filter is 
diluted with 1 ml of 20 mM potassium phosphate 
(pH 7.2), 1 mM dithiothreitol buffer and again concen- 
trated. This washing is repeated three times to remove 
all of the L-glutamate. The holoaspartate aminotransfer- 
ase solution is then made 30 % (v/v) in ethanol and incu- 
bated at 60 °C for 30 minutes to denature the protein 
and to release (4'R)-pH]PMP. After cooling to 4°C, the 
precipitated protein is removed by centrifugation at 
14,000 rpm for five minutes in a microcentrifuge. A spec- 
trum of the supernatant (total volume 400 ul) is taken 
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and 10 p.1 counted for tritium content. With this pro- 
cedure, an average specific activity of about 14,000 cpm 
per nmol for (4'R)-[ H]PMP is obtained, as determined 
by using a molar absorbtivity coefficient of 8300 cm -1 
M" 1 for PMP at 324 nm. 



Determination of stereospecificity of PNPOx 

The strategy for determining the stereospecificity of 
PNPOx is given in the second line of Scheme 1. The sub- 
strate (^RJ-pHJFMP is oxidized by PNPOx to PLP and 
the 3 H will be released either as H 2 0 or retained in the 
product PLP depending on the hydrogen removed from 
C4'. PLP that is generated during the PNPOx reaction is 
trapped by rabbit cytosolic apoSHMT forming the holo 
enzyme. The H 2 0 and holoSHMT fractions are then sep- 
arated by filtration. 

A solution containing 0.6 nmol of (4'R)-[ 3 H]PMP, 
6 nmol of apoSHMT, 0.9 nmol of PNPOx in 600 ul of 
20 mM potassium phosphate (pH 7.3), 1 mM dithiothrei- 
tol is incubated at 37 °C for two hours. Then another 
6 nmol of apoSHMT is added and the reaction incubated 
for an additional 30 minutes, or until the 325 nm absor- 
bance peak of PMP has shifted completely to the 428 nm 
absorbance peak of holoSHMT (an overnight incubation 
was performed for some mutant forms of PNPOx). The 
reaction mixture is concentrated by centrifugation in a 
Microcon-30 filter at 14,000 rpm for 15 minutes. After 
two 150 jal water rinses of the retained fraction, the 
filtrate solutions are combined and 200 ul counted for 
tritium content. The filtrate will contain the water, buffer, 
and any unreacted (4 / R)-[ 3 H]PMP, while the fraction 
retained by the Microcon-30 membrane will contain the 
holoSHMT with the bound PLP. To determine if the 
counts in the filtrate are H 2 0 or residual (4'R)-[ 3 H]PMP, 
a 200 ul aliquot is dried by vacuum centrifugation and 
dissolved in 500 ul. This process is repeated three times. 
After the final drying, the remaining residue is dissolved 
in 200 ul of H 2 0 and counted to determine how much of 
the original radioactivity in the filtrate is not volatile, 
which is a measure of the unreacted (4'R)-[ 3 H]PMP. 

The retentate of the Microcon-30 filter containing the 
PLP bound to SHMT is dissolved in 300 ul of 20 mM 
potassium phosphate (pH 7.3), 1 mM dithiothreitol and 
70 ul counted for tritium content. 



Assays and determination of kinetic constants 

Detennination of catalytic activity during purification 
is performed in a 1 cm cuvette with 50 mM Tris -HO 
(pH 8.0), 1 mM dithiothreitol as the buffer at 37 °C. 26 
(The kinetic constants do not change between pH 7.0, 
where the crystal structure was determined, and pH 8.0 
for PNPOx.) The product PLP forms an aldimine with 
the Tris buffer that absorbs at 414 nm with a molar 
absorbtivity coefficient of 5900 cm" 1 M -1 . When deter- 
mining ^ and /c cat values, a 10 cm pathlength cell is 
used with 20 mM Tris (pH 8.5), 1 mM dithiothreitol. The 
PNP concentration is varied between 0.3 and two times 
the value. Enough PNPOx is added to give a maxi- 
mum rate of about AA 414 ^ of 0.1 'per minute. and 
values are determined from double reciprocal plots 
constructed with Sigma Plot. The concentration' of 
PNPOx is determined from its absorbance at 278 nm as 
described. 7 



Crystallization and data collection 

Crystallization and structure determination of PNPOx 
in a trigonal unit cell has been described. 16 " 18 A monodi- 
nic crystal form, with a needle morphology, was grown 
with a 9.3 mg/ml SeMet derivative of the native protein 
solution in 100 mM potassium phosphate (pH 7.5), 
5 mM 2-mercaptoethanol by the hanging-drop, vapor- 
diffusion method. The drop contained 3.0 ul of protein, 
0.2 ul of 13 mM PLP and 3 ul of reservoir solution 
(1M (NH^SO^ 1.5% (v/v) dioxane, 0.1 M 
2-[N-morpholino]ethanesulfonate/NaOH buffer, pH 7.0). 
The final molar ratio of protein to PLP is approximately 
1:5. Crystals appear after three months and grow slowly 
to sizes suitable for X-ray data collection after six 
months. 

Diffraction data sets were collected at 100 K using a 
Molecular Structure Corporation (MSC) X-Stream Cryo- 
genic Crystal Cooler System (Molecular Structure Cor- 
poration, The Woodlands, TX, USA), an R-Axis II image 
plate detector equipped with OSMIC confocal mirrors 
and a Rigaku RU-200 X-ray generator operating at 50 kV 
and 100 mA. Prior to use in X-ray diffraction, the mono- 
clinic crystals are first washed in a cryoprotectant sol- 
ution containing 2.1 M (NH^SO^ 4.2 mM PLP, 7.7% 
(v/v) glycerol and then transferred to a similar solution 
containing 14.2 % glycerol. All data are processed using 
the BIOTEX software of MSC and the CCP4 suited 
Statistics for the data set used in the refinements are 
listed in Table 1. 

Structure determination and refinement 

The monoclinic crystal form of E. coli PNPOx was 
solved by molecular replacement methods using the pro- 
gram AMoRe of the CCP4 suite. 27 The monomelic trigo- 
nal crystal structure, 17 ' 18 omitting all FMN, PLP, 
phosphate and water molecules was used to determine 
the structure of the monoclinic crystal form. Based on 
the solvent content of the unit cell (43%, v/v), we 
expected one monomer in the asymmetric unit. The 
cross-rotation function was calculated using normalized 
structure factors with data in the resolution range of 8.0 
to 4.0 A. One unique solution was observed with a corre- 
lation coefficient of 26.1. The translation function, using 
the space group C2 resulted in a correlation coefficient 
and R-factor of 54.5 and 39.4%, respectively. 

Structure refinements were performed with the CNS 
program, 28 with overall anisotropic B-factor correction 
and a bulk solvent correction. A statistically random 
selection of 5% of the total reflection data was excluded 
from the refinement and used to calculate the free 
R-factor (R^) as a monitor of model bias. 29 Rigid-body 
refinement of the molecular replacement model gave an 
R-value of 0.364 for the entire data set at 2.07 A. In the 
initial 2F Q - F c map, shown in Figure 2(a), there are den- 
sities for both FMN and PLP molecules at the active site. 
The N-terminal Gly20 did not have corresponding den- 
sity and was deleted. However, densities in the nearby 
regions indicated a different N-terminal extension. All of 
these were first modelled as 78 water molecules. After 
one round of positional and simulated annealing refine- 
ment, a second 2F Q - F c map was calculated. It clearly 
showed densities for amino acid residues 8-20, which 
were missing from our previous structures of 
PNPOx. 17 ' 18 With all water molecules replaced by the N 
terminus residues 8-20, and addition of FMN and PLP, 
the model yielded R and R^ values of 0.258 and 0.295, 
respectively. Further refinement cycles included addition 
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of 267 water molecules and a phosphate ion, as well as 
extension of the N terminus to Asp5. A portion of the 
foal - F c ma P is shown in Figure 2(b). Omit 2f 0 - F c 
and F 0 - F c electron density maps were repeatedly used 
to inspect the structure for positional corrections. All 
model building and model corrections were carried out 
using the program O. 19 Refinement statistics are sum- 
marized in Table 1. 

Protein Data Bank accession numbers 

The atomic coordinate and structure factor sets for the 
monodinic structure have been deposited in the RCSB 
Protein Data Bank with accession code ljnw. 
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